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FOREWORD 


Design and analysis of the AiResearch QCGAT engine and 
engine/nacelle system were conducted at the AiResearch Engineering 
facilities at Phoenix, Arizona. Fabrication, testing, data reduc- 
tion and analysis were also conducted at the AiResearch facili- 
ties. 


Testing was also performed on the 35-percent scale model 
exhaust nozzles for the QCG/.T program at the FluiDyne Engineering 
Corporation's facilities at the FluiDyne Medicine Lake Aerodynamic 
Laboratory, Minneapolis, Minnesota. 

The authors wish to acknowledge the technical contribution of 
the following members of the Gar rett-AiResearch organizations 
without whose efforts the QCGAT program would not have been com- 
pleted successfully: 

W. M. Gipson and L. S. Kisner, Acoustics; F. Davis, Emis- 
sions; Mark Steele and Pat Hale, Engine Performance; 
Walt Blackmore , M. H. Willmore and G. Paden, Nacelle Design 
and Fabrication; S. Huo, Turbine Aerodynamics. 

This is, of necessity, only a partial list; space does not permit 
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SECTION I 


SUMMARY 


1 . 0 SUMMARY 

1.1 Objectives 

The objectives of the NASA QCGAT (Quiet Clean General Avia- 
tion Turbofan) engine and the engine/nacelle system program were 
to demonstrate the applicability of large turbofan engine technol- 
ogy to small general aviation turbofan engines, and to obtain 
significant reductions in noise and pollutant emissions while 
reducing or maintaining fuel consumption levels. 

1.2 Scope 

An AiResearch Model TFE731-3 Engine was used as a base-line 
engine for the QCGAT program. All new-technology designs for 
rotating parts and all items in the engine and nacelle that con- 
tributed to improvement of the acoustic and pollution character- 
istics of the engine system were of flight design, weight, and 
construction. These changes were limited to those that made the 
engine quiet or clean or reduced fuel consumption. 

1 . 3 Goals and Results 


The QCGAT program goals and the test results are listed in 
Table 1-1. As shown, the major noise, emissions and performance 
goals were met. Noise levels, estimated for the three FAR Part 36 
conditions, are 10 to 15 EPNdB below FAA requirements; emissions 
values are considerably reduced below those of current technology 
engines; and the engine performance represents a TSFC improvement 
of approximately 9 percent over other turbofan engines. 
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SECTION II 


INTRODUCTION 


2.0 INTRODUCTION 


2 . 1 B ackground 

The turbojet- and turbofan-powered portion of the 
aviation fleet is increasing at a greater rate than the 


the general aviation fleet, 
utilize small airports for 
These airports are generally 
by industrial or commercial 


general 
rest of 
ai rcraf t 
flights. 


Jet-powered general aviation 
a large portion of their 
located in suburban areas unprotected 
buffer zones. Therefore, the use of 
small aircraft has the potential to create a more widespread 
adverse community reaction to the jet noise and pollution than do 
the transport aircraft. 


Engine-quieting and emission-reduction technology and recent 
developments for improving fuel economy, have been directed prin- 
cipally at large engines used in commercial carriers. It is, 
therefore, important to determine the applicability of the large 
engine technology to smaller turbine engines and to develop new 
and more suitable technology where required. 

The QCGAT program seeks to demonstrate that theories, tech- 
niques and concepts presently applicable to large turbofan engines 
can be successfully applied to turbofan engines with sea-level 
thrust levels below 22.241 kN (5000 pounds). The goals are to 
improve the environmental characteristics of civil aircraft by 
alleviating noise as well as pollution near airports, thereby 
assisting in reducing current growth restraints to civil aviation, 
and also providing engines with reduced fuel consumption. 

2. 2 Scope 

In order to meet the goals of the QCGAT program, the fol- 
lowing tasks were performed: 

(1) The engine was defined and its characteristics deter- 
mined for a quiet, clean, turbofan engine applicable to 
general aviation aircraft. 

(2) New and modified parts were designed and fabricated to 
be used with an existing gas generator core in the tur- 
bofan engine. 

(3) Evaluation tests were performed on critical components. 
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(4) Evaluation tests were performed on the QCGAT engine. 

(5) An acoustically treated nacelle was designed and fabri- 
cated. 

(6) Engine noise, pollution, and sea-level static overall 
engine performance was measured to establish validity of 
predictions prior to engine delivery to NASA. 

(7) A quiet, clean turbofan engine, an acoustically treated 
nacelle, and engine test support hardware wore del ivered 
to the Government. 

2.2.1 Performance Goals 


In performing the tasks identified above, the performance, 
noise, and emissions goals for the engine and for the engine/ 
nacelle system were established and are listed in Table 2-1. 

2.2.2 Noise Goals 


noise goals for FAR Part 36 sideline, takeoff, and approach 
loo'itions and operating procedures are as follows for the twin- 
engine aircraft also to be defined during the QCGAT program: 


Sideline (457.2m) [1500 ft]: 
Takeoff (without cutback) : 
Approach : 


EPNL = 39.5 + 10 log W 
EPNL = 30.5 + 10 log W 
EPNL = 44.5 + 10 log W 


where W is the aircraft maximum takeoff gross weight in pounds. 
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TABLE 2-1. ENGIu., PERFORMANCE GOALS 





GOAL 



THRUST 


TSFC 

CONDITION 

N 

(lb) 

kg/hr/N 

(lb/hr/lb) 

Takeoff, Sea-Level Static, 
Standard Day 





(1) Uninstalled* 

17,513 

(3937) 

0.0426 

(0.416) 

( 2 ) With Ground Test Nacelle 
and Acoustic Treatment and 
Mixer Nozzle** 

17,313 

(3892) 

0.0431 

(0.423) 


Design Cruise, 12,192 m (40,000 
Ft.) Altitude, 0.8 Mn 


(1) 

Uninstalled* 

3,955 

(889) 0.0775 

(0.760) 

(2) 

With Ground Test Nacelle 

and Acoustic Treatment and 

Mixer Nozzle** 4,017 

(903) 0.0759 , 

(0.744) 

Engine 

Dry Weight Goal 

377.4 

kg (832 lb) 


NOTE: 

The minimum design life 
10,000 hours of typical 

goal for 
general 

QCGAT developed components 
aviation operation. 


*Reference bellmouth, hardwall bypass duct, reference 
coannular nozzle. 

**With nacelle lip. 


2.2.3 Emissions Goals 


The emissions goals for carbon monoxide (CO) , unburned hydro- 
carbons (UHC) , Oxides of Nitrogen (NO x ) > and smoke were as 
follows: 
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CO - 4.26 kg per 4,448 N Thrust-hr per cycle* 

(9.4 lb per 1000 lb thrust-hr per cycle*) 

UHC - 0.726 kg per 4,448 N Thrust-hr per cycle* 

(1.6 lb per 1000 lb thrust-hr per cycle*) 

NOy - 1.68 kg per 4,448 N Thrust-hr per cycle* 

(3.7 lb per 1000 lb thrust-hr per cycle*) 

Smoke Number: Allowable SAE Smoke Number value (determined by the 

procedures set forth by the United States Environmental Protection 
Agency in the Federal Register Volume 38, No. 136, July 17, 1973, 
incorporated herein uy reference and made a part hereof) was 38. 

2.2.4 Hardware Design 

Rotating parts, all new technology designs demonstrated, and 
all items in the engine and nacelle contributing to the acoustic 
and pollution characteristics of the engine system are of flight 
design, weight and construction. Stationary structural portions 
of the engine and nacelle are flight weight except where nonflight 
type construction resulted in appreciable cost savings with little 
or no compromise of the technology objectives. All weight esti- 
mates, however, are based on flight designs. All hardware is sui- 
table for the testing required by the program and subsequent 
ground testing by the Government. 

Engine core modifications were limited to those changes that 
made the engine quiet or clean or reduced fuel consumption. No 
modifications were made to the engine core assemblies or compo- 
nents unless they were shown to contribute directly and substan- 
tially to the reduction of noise, pollutant emissions or fuel con- 
sumption. 


♦Cycle consists of: 

Mode 

Taxi-Idle 

Takeoff 

Climbout 

Approach 

Taxi-Idle 


Time 


% Power 

(minute 

Ground Idle 

19.0 

100 

0.5 

90 

2.5 

30 

4.5 

Ground Idle 

7.0 
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2 . 3 Purpose 


This report covers the design effort, fabrication and test 
results of the NASA QCGAT program and compares the analytical 
techniques and predicted performance to the actual test results. 

The test results are then used to predict the altitude per- 
formance and the flyover acoustic signature of the engine and the 
projected aircraft with the QCGAT engine/nacelle system. 

The analytical techniques that were successfully employed in 
the program include the use of a 3D-viscous computer program to 
define LP turbine vanes, stators and duct contours. The contours 
that provide the lowest losses and the most uniform radial loss 
distribution were chosen and proved to be an excellent and effic- 
ient design tool for this component. 

The 3D-viscous method was also used for the mixer-compound 
nozzle with significant time and cost savings. The design and 
optimization was demonstrated on a model test rig and the full- 
scale design was shown to closely demonstrate the predicted per- 
formance and noise reduction due to the mixer-compound nozzle. 

Acoustic design and prediction methods were also developed 
that modified a number of established methods to provide an opti- 
mum design for the performance/noise attenuation trade-offs. 
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SECTION III 


ENG I NE AND NACEL LE DES IGN 


3.0 QCGAT ENGINE AND NACELLE DESIGN APPROACH 

3 . 1 Engine Cycle 

The QCGAT Engine, as shown in crons section in Figure 3-1, 
utilizes the core of the AiResearch production Model TFE731-3 Tur- 
bofan Engine. A front view is shown in Figure 3-2. The QCGAT 
flight engine weight is estimated to be 379.6 kilograms 
(837 pounds). The QCGAT engine is a geared front-fan, twin-spool 
configuration with a bypass ratio of 3.714 at its design point of 
12,192 meters (40,000 feet), and Mach 0.8. The low-pressure (LP) 
spool consists of a single-stage fan and a four-stage axial LP 
compressor driven by a three-stage axial LP turbine. The high- 
pressure (HP) spool consists of a single-stage centrifugal com- 
pressor driven by a single-stage axial turbine. The combustor is 
a reverse-flow, annular design. 

The primary changes to the Model TFE731, to improve its per- 
formance for QCGAT, consist of replacement of the TFE731 fan with 
a modified ATF3 fan, incorporation cf a new reduction gear, new LP 
turbine design, and incorporation of a mixer-compound exhaust 
system in place of the two-nozzle system of the TFE731. A low- 
smoke combustor is also employed in conjunction with an air- 
assisted fuel nozzle system for improved exhaust emissions. The 
unique parts are shown as shaded areas in Figure 3-3. 

The noise reduction technology utilized in the QCGAT Engine 
design was applied to three major noise sources — fan, jet, and 
core engine. Fan-noise research at AiResearch has produced 
several major noise reduction techniques for small turbofan 
engines. Noise reduction features incorporated in the QCGAT 
Engine design include: elimination of inlet guide vanes, single- 
stage fan with low fan-tip speed and low-pressure ratio, large 
rotor-stator spacing, optimum number of vanes and blades, mixer- 
compound nozzle and acoustical treatment. 

3 . 2 Cycle Selection Criteria 

In the aerodynamic cycle selected for the QCGAT Engine, the 
jet velocity was made as low as possible consistent with the 
engine design goals. This resulted in exhaust velocities sub- 
stantially below those used in present medium-bypass-ratio small 
turbofan engines. In addition to lowering jet velocity, a mixer- 
compound nozzle was installed because of its potential for thrust 
coefficient improvement and an anticipated reduction in takeoff 
and sideline flyover noise levels. 
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The dominant core engine noise source in small gas turbines 
has been shown to be the combustor. The use ot large-diameter 
annular reverse-flow combustors has been very ettective in 
reducing exhaust noise in AiKesearch engines compared with 
straight- through-tlow annular or can configurations. Core noise 
contributed by the three-stage LP turbine occurs at bla-e passing 
trequencies well beyond the practical range of concern at all PAR 
Part 36 conditions, including approach. As a result, turbine 
tones do not contribute to flyover noise levels. 

3 . 3 Engine Configuratio n 

The ba'-ic QCGAT Engine was designed with provisions for 
both "hardw-ll" and acoustic treatments for a "workhorse" nacelle. 
These variations allowed for a base-line calibration for compar- 
ison purposes, and for evaluation of the effect of the various 
acoustical treatments available on the basic engine. 

A standard, calibrated bcllmouth was designed to obtain basic 
engine data. The flight-simulator lip was designed to simulate 
inlet conditions during static tests. A nacelle lip was also 
designed, fabricated and tested as the final flight design 
delivered with the engine. Hardwall and attenuated panels for the 
a . 7 section, fan duct, bypass duct, inner- and outer-aft ducts 
we » made interchangeable in order to compare the acoustical prop- 
el ic^ >f the panels. A coannular and a mixer-compound exhaust 
nozzle were also tested to provide a series of combinations of the 
six basic configurations. 

3.3.1 Fan 


The QCGAT Engine fan is derived from the fan used on the 
AiResearch ATF3-6 Turbofan Engine. The stator system has been 
modified to optimize the rotor-stator spacing and blade-vane 
counts for minimum rotor-stator noise interaction. The position 
of the splitter has been modified to accommodate the higher bypass 
ratio of the QCGAT Engine. The QCGAT fan flow path is shown in 
Figure 3-4. 

The basic fan design parameters of the QCGAT fan that cor- 
respond to engine operation at the 12,192 m (40,000 ft.), 
Mach O.d, ISA cruise design point are listed in Table 3-1. 
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BYPASS STAIOH 



Figure 3-4. Transition Duct and Fan Stage. 
TABLE ,3-1. FAN DESIGN PARAMETERS 


Parameters Fan Design Point Engine Match Point 



1057.67 rad/s 
(10,100 rpm) 

1083.33 rad/s 
(10,345 rpm) 

W/v/0 t 2.o/ 8 2.O {fan) 

76.88 kg/s 
(169.5 lbm/sec 

77.83 kg/s 
(171.58 lbm/sec) 

M 

1 rel, tip 

1.40 

1.43 

Fan inlet tip speed 

408.7 m/s 
(1341 ft/sec) 

418.8 m/s 
1374 ft/sec) 

P/P core (sta 9 e > 

1.593 

1.57 

P/P bypass (sta 9 e) 

1.628 

1.62 


o Rotor hub-tip ratio = 0.46 
o Rotor tip diameter = 77.47 cm (30.5 inches) 
o Part-span dampers on rotors 

o Split stator configuration 

o Bypass stator D-factor (mean) = 0.461 

o Core stator D-Factor (mean) = 0.532 
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Tin* to- blade I .m is a mni 01 image of ti coni lgm tit ion devel- 
oped in t lit' ATF3 cio) me piogtam. A sot ios ol lull-scale i lg tests 
have been conducted 1 n that piogtam to optimize the aei odynamc 
chat act ot i st ios ol tin 1 blade and the stiuctutiil suppot t o i the 
midspan dampei . i'ui c (huh) arid bypass (tip) petiotmance maps lot 
the iJCGAT 1 tin .lit' shown in Fit] utes 3-5 anti t o. 

Ftin blade vibration frequencies ate shown in Figuio 1-7. The 
1 und ament al mode is sat isi actor i ly well t emoved 1 1 uni excitations 
tit 1 and 2 times shaft speed. The vibiation modes shown will not 
be excited at any speed above idle by passage ol the cote or 
bypass stator vanes. 

The resonance diagram shown in Figure 3-8 indicates that the 
1 tin totoi will be 1 tee ol critical speed problems in the updating 
range. The critical speed piedicted lot lan synchronous exci- 
tation is more than .1 times maximum operating speed. The margin 
lor 1,1’ spool excitation is much less, and experience with the 
TFK731 has shown that the squeeze 1 i lm dampers are ellective in 
preventing this type ol coupling. 

3.3.2 Fan dear box 

Figure 3-9 shows the preliminary star gearbox configuration, 
together with component materials. Table 3-2 presents gearbox 
di’Sign data, including a comparison ol calculated and allowable 
sending and compressive stress. 

Figure 3-10 summarizes the star carrier requirements lot- 
dynamic considerations. Critical speed calculations (see 
Figure 3-10) show that the spring rate to be 1.428 x 10° kg/m 
(80,000 lb/in.) or more to maintain the desired margin ol 
28 percent. The actual spring rates that exist in the star car- 
rier are many times this value. 

The carrier is designed to constrain the star gears to an 
angular misalignment ol 0.0005 cm/cm (0.0002 in. /in.) or less. 
The ellective spring rates at the planet gear bearings are approx- 
imately equal in order to minimize misalignment, and to minimize 
the helix correction requirements. Table 3-3 summarizes the lan 
shalt and star bearing capabilities. These bearings are adequate. 

3.3.3 LP Compressor 

The LP compressor lor the QCGAT Engine is identical with the 
production TFE731-3 LP compressor. 

The compressor achieves excellent surge margin without vari- 
able inlet guide vanes. 


HUB PRESSURE RATIO. »*T2.l' P T2.0 



FAN TOTAL CORRECTED AIRFLOW, WR 20 - LB/SEC 



FAN TOTAL CORRECTED AIRFLOW, WR 2Q - k fl /s 


Figure 3-5. Fan Core Performance, AiResearch QCGAT Engine 


TIP PRESSURE RATIO. P-m^TI? 



i 1 1 1 1 1 1 1 1 
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FAN TOTAL CORRECTED AIRFLOW, WR 2Q - kg/t 


Figure 3-6. Fan Bypass Performance, AiResearch QCGAT Engine. 
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FAN SPEED (k rad/s) 


Figure 3-8. QCGAT Fan Critical Speed Summary. 






TABLr, 3-2. FAN GEARBOX ANALYSIS 


to 


SUN 


STAR 


RING 


Total Facewirith. cr fin.) 

Rotational Speed (rad/s) 

(rpm) 

Tan. Tooth Load, N (lbf) 

Torque, Nm (lbf-in.) 

Allowable Bending Stress 
kN/crr. (Kpsi) 

Calculated Bending stress 
fillet radius kN/cm 2 (Kpsi) 

Allowable Compressive Stress 
kN/cm (Kpsi) 


Calculated Compressive Stress 
kN/cm (Kpsi) 

Specific Film Thickness, a 
M inimum Contact Ratio 
Ring/Sun Reduction 


2.97 

(1.17) 

2105.6 

(20,111) 

1,602.5 

(14,184) 

6200.8 

(1394) 

3.56 

(1.40) 

3636.9 

(34,737) 

6196.4 

(1393) 

3.07 

(1.21) 

q 75 . 8 
'9,320 ) 

3457.9 

(30,607) 

54.19 

(78.6) 


46.53 

(67.5) 


42.13 

(61.1) 

49.16 

(71.3) 


44.33 

(64.3) 


35.23 

(51.1) 

173.75 

(252) 

213.74 

(310) 


211.67 

(307) 

179.95 

(261) 


139.27 

(202} 

2.422 

1.7089 

0.4634 


96.53 

(140) 

2.2799 

1.7763 



NOTE: 1. 

2. 

3375 kw at 2105.6 rad/s 
0.349 radian (20°) Pres 

(4526 HP at 20,111 rpm) with a 1.3 Dynamic Load Factor 
sure Ancle, 14 pitch. 

3. 

Tooth Count — Sun 

57 


Planet 

33 


Ring 

123 


5 8.0 -r 

IS 

k. 

* 6.0 - 
a 

Ui 

UJ 

85 4 o- 

-i 

< 

O 2.0 • 
t 

E 

o o-l 


N CR(2) 



0 20 40 80 120 143 160 

BEARING SPRING RATE (kg/m x 10 -4 ) 


Figure 3-10. Star Carrier Dynamic Requirements. 


'i’ABbE 3-3. 'JCGAT BEARING SUMMARY 



BEARING 

CUN D IT 1 ON 

ANALYSIS 


Fan 

Roller Bearing 

1 Blade Out 

142.34 kN (32,000 lb) load. 
99% probability of survival 
based on roller fracture 
stress. 



2 Blades Out 

284.69 kN (64,000 lb) load. 
90% probability ot survival 
based on roller fracture 
stress. 

Fan 

Ball Bearing 

Duty Cycle Pro- 
portioned Irom 
TFE731 "Execu- 
tive 'i'yP e " 

10,200 hours 
Life 



Maximum 'i’nrust 

770 Hours 
Life 

Star Roller 
Bearing 

Takeofl rpm 
and Load 

3,200 Hours 
L 1 Life 
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J . j . 4 HI’ C omp roi. sot 


The HP compressor tor the QCGAT Engine is identical with the 
HP compressor on the TFE731 Engine. This compressor is a backward 
curved single-stage centritugal compressor with a single-vane 
island ditluser row tolloweu by a 90-degree benu to tne axial 
direction and a row of deswirl vanes. 

3.3.5 Combustor 


The combustor system selected tor the QCGAT Engine consists 
ot a moditied version ot the TFE731 production burner. The com- 
bustor, identified as PAP234342, had a row ot 48 holes ot 0.459 cm 
diameter (0.181 in.) added to the dome tor the purpose of smoke 
reuuction. The fuel nozzles are standard production TFE731-3 dual 
oritice assemblies, Part No. 3071101-14. Air-assist was utilized 
in tne secondary circuit ot these fuel nozzles at idle conditions 
only. For the engine test, the fuel flow divider was capped and an 
air line was connect ;u directly to the secondary fuel manifold. 
For the production engine configuration, the fuel line would 
remain connected ana a cneck valve would be put in the air-assist 
line. (See Figure 3-11 for a schematic ot the air-assist nozzle 
system) . 

The air supplied to the fuel nozzle tips is an aid in the 
atomization process. ,p he air supplied during ground test oper- 
ations is from a laboratory compressed air source with a supply 
pressure of 206.8 Pa (300 psig) and heated to a temperature range 
of 36b to 462K (200 to 300°F) by an electric heat exchanger. 

3.3.b HP Turbine 


The HP turbine for the QCGAT Engine is identical to the 
TFE731-3 HP turbine. The TFE731-3 HP turbine is a single-stage 
axial design with internally cooled vanes and blades. 

Characteristics ot the QCGAT HP turbine at design condition 

are : 

o W ^4.1 = 2.129 kgs/s (4.693 lbm/sec) 


o P/P * 1.832 

o i = i40o.2 rad/s (13,431 rpm) 


Ail 


4 . 1 


o 


= 39.797 kj/kg (17.11 Btu/lbm) 



Figure 3-11. Air Assist Nozzle System for lOLE-Power settings 




o 


•i 4 max - 1 3 5 2 . 4 °K (1975°F) 
o i 4>1 qCoaT max - 1329.1 °K (1933 *F) 

3.3.7 LP Turbine 


The LP turbine tor the QCGAT Engine is a new design, opti- 
mized to maximize turbine performance at the QCGAT cruise design 
point. This turbine retains tne three-stage configuration ot the 
TFE731-3 LP turbine, but has blading optimized for the higher 
overall pressure ratio required to drive the hiyner bypass ratio 
fan. This increased turbine pressure ratio reduces core nozzle 
pressure ratio, tnereby, reducing core jet velocity ana noise. 

The design point turbine efficiency goal in excess of 
90 percent requires the application ot large turbine design tech- 
nology demonstrated in recent NASA and AFAPL fan turbine programs. 
Tms tecnnology includes the application ot non-f ree-vor tex vector 
diagram concepts along with advanced profile design techniques to 
proviue superior stage performance. 

Figure 3-1? ncovides tne vector diagram nomenclature lor tne 
LP stages. L»n_ . . characteristics of the QCGAT LP turbine are 
snown in Tabi .> 3-5, and 3-6. The flow path tor the LP tur- 
Dine is snown i e 3-13 with the predicted off-design LP tur- 
bine maps are . n Figures 3-14 ana 3-15. 

-•3.7.1 lP lu, - . , Mecnanical Design 

me preliminary mecnanical design ot the LP turbine section 
is summarized in Figures 3-16, 3-17, and 3-18. Figure 3-16 lists 
design features ana improvements to tne turbine rotor. Materials 
ot tne major components are shown in Figure 3-17. Figure 3-18 
illustrates secondary cooling ana leakage flows. 

3.3.8 Engine Static Structure 

The AiResearcn UCGAT Engine design minimizes length and 
neight. The main frame consists of two cylinders — the compressor 
ana turbine plenums — joined by a conical transition structure. 
This framework takes all inertia and thrust loads, and embodies a 
"cool-skin" design wnerein the entire structure is enveloped by 
fan and compressor discharge air. The conical compressor-turbine 
transition structure also supports the accessory drive power shaft 
and rignt-angle gearbox. The accessory drive is powered by the HP 
spool tnrougn a bevel gedr set. 
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Figure 3-1?. LP Turbine Vector Diagram. 
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TAB ah 3-4. M/UN UESIuN POINT DATA EOR THE (JCOAT LP TURBINE 


Engine Corrected to 

Operating Condition Standard Air Condition 


Pressure ratio, 
total to total 
rati ng 

PR = 

5.707 

^COL- 

= b . 5 5 5 

Mass tlow rate, 
kg/s (lbm/sec) 

5.05b 

(11.145) 

« v/« CR * 
4.3 

= 3.909 
(8.618) 

Speed, rad/s (rpm) 

2,118 

(20,229) 

_ ii_ 

sj'O CR 

1,095 

(10,454) 

Specitic work, 
J/kg (Btu/lbm) 

40b, 515 

(174.77) 

AH_ = 
f, CK 

108 , 554 
(4b. 67) 


Notes : 

dumber ot stages = J 

ELLiciency, total to total, rating = 90.2 percent 


TABLE 3-b . SUMMARY OF CHARACTERISTIC DATA FOR QCGAT 
LP TURBINE STAGES. 



First 

Staye 

Second 

Stage 

Third 
Stage 1 

Overall 


Inlet temperature, K (°R) 

1080.1 

(1944.1) 

983.2 

(1769.7) 

866.4 

(1559.6) 


inlet total pressure kPa (psia) 

262.6 

(38.08) 

154.4 

(22.39) 

87.36 

(12.67) 


Pressure ratio, total to total 

1.70b 

1.770 

1.905 

5.747 

Sped Lie work, AH (Lor zero 
clearance kJ/ky (btu/lbm) 

144.0 

(61.9) 

134.7 

(57.9) 

132.3 

(56.9) 

411.0 

(176.7) 

Tip peripneral speed 
U tip m/a 

362.7 

(1190) 

409.0 

(1342) 

445.6 

(1462) 


Mean work..coetl icient 
\ = ah/u m ^ 

1.523 

1.244 

1.120 


Mean Llow coett icient 

* ' V U M 

0.669 

0.634 

0.823 


ELLiciency, total to total 
with zero clearance 

0.9102 

0.8986 

0.8978 

0.9096 

Elticiency, total to total, 
witn 0.064 cm (0.025 in.) 
clearance (shrouded) 

0.9050 

0.8948 

0.8947 

0.9054 
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Tdlll.i 1-b 


GkMMAKY UK VEKTUK P 1 AliKAM DATA 
uk nil. ^‘iiAr .,i* run a ink. 


stage i 


Fa i ami' t oi 


liut< 


Mean* 


Tli. 



inlet 

1.x 1 1 

Inlet 

l.X 1 t 

Inlet 


1 1 .9 111 

11.911 

14 . 199 

14. / 2 / 

ll> . 104 

Kail ni!. cm (in.) 

(4 . / 00) 

(4.690) 

( 5 . b b 9 ) 

(5. /98 ) 

(b . 655) 


1.09 3 

-0.412 

1.148 

-0. 2/b 

1.18) 

•* t ail ( Deg ) 

(62. b) 

(-23.6) 

( b 5 , 8 ) 

(-15.8) 

lb/. 8) 


0. /22 

-1.019 

0.51/ 

- 1 . 0b 1 

0.028 

fi tad (dog) 

(41.4) 

(-58.4) 

(29. b) 

(-60.8) 

(l.b) 

Va 'ch 

0 . 8b8 

0.745 

0.380 

0 . b 4 9 

0.384 

u a" ck 

0.4 35 

0.43 i 

0.522 

0.5 34 

O.bll 

w - a "ck 

0. 5 61 

0 , b9b 

0.3b) 

0. /27 

0.252 

ite act ion (4) 


20.5 


43.2 




STAGE 

2 



Pat aineter 

Hub 




Mean* 



Inlet 

Exit 

Inlet 

Exit 

Inlet 


11.83b 

11.760 

15.232 

15. 7b 1 

18.542 

Kadiuu cm (in.) 

(4 . bbO ) 

(4.630) 

(5.997) 

(b , 205) 

(7. 100) 


1.021 

-0.305 

1.072 

-0.27b 

1.094 

« t ad (Deg) 

(58.5) 

(-17.5) 

(61.4) 

(-15.8) 

(b2.7) 


O.bbO 

-0.915 

0.192 

-1.076 

-0.492 

/) rad (Deg) 

(32.1) 

(-52.4) 

(11.0) 

(-b 1.6) 

(-28.2) 

V/A \’K 

0.840 

0.495 

0.724 

0.416 

0.611 

U/a- ch 

0.455 

0.453 

0.58b 

0.605 

0.708 

w/a- ck 

0.535 

0.764 

0.364 

0.811 

0.325 

Hoaction (%) 


32.4 


54.8 



STAGE 3 


Parameter 

Hub 

~~ 



Mean* 

Tip 

Inlet 

Ex i t 

Inlet 

Exit 

Inlet 

Radiuii cm (in.) 

11.43 

(4.500) 

11.43 

(4.500) 

16.538 

(6.511) 

16.947 

(6.672) 

20.638 

(8.125) 

« t ad (Deg) 

1.052 

(60.3) 

0.152 

(-8.7) 

1.005 

(57.6) 

-0.145 

(-8.3) 

0.94b 

(54.2) 

fi rad (Deg) 

0.702 

(40.2) 

-0.757 

(-43.4) 

-0.052 

(-3.0) 

-0.95b ’ 

(-64.8) 

-0.731 

(-41.9) 

v / a ’cr 

1.001 

0.614 

0.754 

0.575 

0.616 

u ' a "ck 

0.471 

0.471 

0.678 

0.692 

0.832 

w ' /a "ck 

0.678 

0.81b 

0.416 

0.945 

0.489 

Reaction (*) 


19.3 


fa i . 6 



*50 Percent Streamline 


1 . X l 1 

17. UO 
(b . 740) 

-0.236 
( - 1 i . *> ) 

-1.082 

(-62.0) 

0 . b 17 
0.791 
'>9.8 


Exit 

19. 104 
(7.600) 

-0.20b 

(- 11 . 8 ) 

-1.14) 

(- 66 . 5 ) 

0 . .) 9 7 

0.734 

0.892 

72. J 


E xit 

21.031 

(8.280) 

- 0.122 

(-7.0) 

-1.009 

(-57.8) 

0.621 

0.84b 

1.084 

78.9 



INC HI AS( |i UOIIi |n flf L)U( I 
COD l INC, flow I'M SSI III! Dill >1* 

m micro oi ami rr m and 

INCHI ASl D NtIMItl M OI Iff Til 
H) HI DDCI | | AKACI MOW 

Al l DISKS WITH I MINIMUM 
HUHSI SPUD MAID. IN 

ISTIMATIO HOOT AVI HAC.I 
Cl NT Mil IKiAl STRISSTS 

STAGE 1 - 219.3 kP* (31.8 KSI) 

STAGE 2 - 319 2 kPt (46 3 KSI) 

STAGE 3 - 344.7 kP* (50.0 KSI) 



Figure 3-lb. gCGAT LP Turbine Rotor Mechanical Design Features. 


Tne lan rotor is overnung trom its bearings, win.cn are sup- 
ported in a iorgea steel nousing. Thrust and inertia loads pass 
trom tne uenrmg support through the tan strut housing to the 
engine main-mount ring. The mount ring acts as a flow cnannel for 
tne ran oypass air ana supports tne tan-bypass stator, the fan- 
inlet nousmg, anu the accessory urive gearbox. 

The outer-tan duct is maoe of hign-strengtn materials to 
accept tnrust reverser loading and the loaos imposed by the 
nacelle. in auuition to increased strengtn, integral axial 
tlunges proviue tor improved engine serviceability. Fan-support 
structure materials are shown in Figure 3-19. Design loads tor 
tne tan-support structure are snown in Table 3-7. 

The uP rotor is supported oy a forward ball bearing, wnicn 
taxes tnrust and inertial loads, anu an aft roller bearing that 
reacts to mertiai loans. Tne att roller bearing is supported by 
a nousing which consists oi an inner conical shell, o racial 
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Figure 3 18. QCGAT Low— Press 


ure Turbine Cooling and Leakaae Flows 





figure j-19 . yCoAT ongine t’an Support Structure. 

struts, unu an outer cylindrical shell which is bolted to the 
outer case or tne engine. This Hear Bearing Support Housing pro- 
vides tne ioau patn irom tne B.P. rotor r ar bearing to the outer 
case oL tne engine. Tne turbine plenum enu cone supports the Rear 
Bearing Support nousing unu the n.P. turbine stators. 

Tne nP rotor is overnung irom a iorwara roller ana an ait 
oali bearing with tne bear ing-suppor t structures attached to the 
i ntermeuiate-strut nousing. rnis overhung arrangement icr tne 
saor t-coupleu HP spool nas deiinite advantages. In addition to 
tne reuuceu weight acmeveu by elimination ot a hot sump, oil 
ueiivery is simplitied, coking problems are eliminated, and bearing 
lives are increased Because 01 cooxer on. The HP compressor- 
uiriuser nousing provides support lor the combustor transition 
liner anu tne nP turbine stator, as well as being tne pressure 
ouikneau between tne BP ana HP spools. 
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TABLE 3-7. DESIGN LOADS - EXISTING TFE731 VERSUS QCGAT 


Radial Loaa Moment Load Fan Thurst Bird Strike 

kN (lb) Nm (in-lb) N (lb) Nm (in-lb) 


TFE731 QCGAT TFr.731 QCGAT TFE731 QCGAT TFE731 QCGAT 


Fan 

Support 

489.304* 

(110,000*) 

-84,516** 

(-19,000**) 

156.132* 

(35,100*) 

-31,582** 

(-7,100**) 

— 

— 

13,769.5 

(3,100) 

14,679.1 

(3,300) 

— 

Inter- 

mediate 

Case 

489.304 

(110,000) 

124.550 

(28,000) 

68,242.8 

(604,000) 

34,234.4 

(303,000) 

13,789.5 

(3,100) 

14,679.1 

(3,300) 

39,544.7 

(350,000) 

Engine 

Support 

Housing 

489.304 
(.MO, 000) 

124.550 

(28,000) 

98,296.7 

(870,000) 

44,967.9 

(398,000) 

13,789.5 

(3,100) 

14,679.1 

(3,300) 

39,544.7 

(350,000) 


*At forward bearing 

**At aft bearing 


duverai static structural components on the UCGAT Engine ate 
new or modi tied TFE731 components. These items include: 

(a) fan support housing 

(b) intermediate compressor housing 

(c) Fan core stator 

(d) Fan bypass stator 

(e) Fnjine support housing 
(t) Fan inlet housing 

(g) Outer Lan duct 

(n) Exhaust nozzle 

( 1 ) Inter turbine duct 

(j) LP turbine stator assembly 


Witn 

duct, 

duct 

otner 


the exception ot the tan-inlet housing and 
tne tunction oi these items has not changed, 
has two versions; one incorporates acoustical 
has conventional hardwall construction. 


the outer-fan 
The tan outer 
treatment, the 


3 . 4 rest anu Flight Cont igur ation 

mere are six basic combinations ot acoustically treated or 
nardwall engine/nacelle cont igurations. The inlet sections for 
testing were either a bellmouth tor static operation, a tlight- 
simulator lip, or the tlight-nacelle lip. Inlet panels, fan duct 
liners, anu att-auct inner anu outer panels were installed as 
nardwall or acoustically treated so that individual panels could 
be evaluated tor tneir contribution to the overall performance and 
noise supression. a calibrated dual exhaust nozzle and a mixer- 
compound exnaust nozzle were also used in the test program with 
tne tlight cont igur ation evaluated under ground static conditions. 

3.4.1 Test Installations 

Figure 3-20 snows the various combinations that were tested 
during the program. Three inlets, two inlet panels, fan-duct 
panel, bypass-duct panel, inner- and outer- att panels and the two 
different exnaust nozzles were tested. 


3 . j Mixer-Compound Exhaust System 

2 he mixer-compound exhaust system was designed with the dual 
objectives tor obtaining an exhaust system to meet the performance 
and exhaust jet-noise goals ot the QCGAT. 
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OCGAT 

ENGINE T EST BUILD LIST 
PERFORMANCE NOISE . EM'SSIONS 


1 ENGINE INSTRUMENTATION AND 

TEST CELL CALIBRATIONS 


A 

GREEN P*JN 


B 

PRE ENDURANCE 


2 ENGINE ENDURANCE CYCLES 


A 

ENDURANCE 


B 

POST ENDURANCE CALIB 


3 REFERENCE ENGI» * PERFORMANCE 

EMISSIONS 


A 

PERFORMANCE CALIBRATION 

1 

B 

PERFORMANCE CALIBRATION 

? 

C 

PERFORMANCE CALIBRATION 

3 

r. 

PERFORMANCE CALIBRATION 

4 

E 

PERFORMANCE CALIBRATION 

S 

F 

PERFORMANCE CALIBRAT'ON 

6 

G 

PERFORMANCE CALIBRATION 

7 

4 ENGINE NOISE 


A 

NOISE CALIBRATION 

1 

B 

NOISE CALIBRATION 

2 

C 

NOISE CALIBRATION 

3 

D 

NOISE CALIBRATION 

4 


NOISE CAL*BRA T K>N 

«. 

F 

NOISE CALIBRATION 

6 

G 

NOISE CALIBRATION 

7 

5 FINAL PERFORMANCE 

AND EMISSIONS CALIBRATIONS 

TASK 8 PRE-DELIVERY CALIBRATION 

tfOR INFORMATION ONLY 


A 

PRE DELIVERY CALIBRATION 

1 

B 

PRE DELIVERY CALIBRATION 

2 


• • 


PERF IPERF 
PERF IPERF 


• DENOTES mamowali 
CONFIGURATIONS 
DENOTES ACXHJSTlCJU.1T 
TREATED CON* *G UR AT IONS 


Figure 3-20. QCGAT Engine Tests and Engine/Nacelle Build Configurations 















3 . ‘j . 1 Design t 'r occuu te 

A preliminary mixer nozzle optimization computer program, 
cased ci state-ot-tne-ar t techniques, defined the initial mixer 
coni lyuration geometry. The initial aerodynamic contours ot the 
mixer anti tan duct were determined with a radial-equilibrium-flow 
analysis program. The mixer-lobe designs were analyzed with an 
advanced J-u viscous compressible tlow program. Several lobe mod- 
itications were studied based on tne results ot tne tlow analysis. 
Tne cunt lyur ations were also analyzed in terms ot relative mixing 
etticiency, using a turbulent mixing-model program. Based on the 
tlow analysis, tnree mixer-compound coni igurations and a standard- 
compounu nozzle were selected tor scale-model testing. 

Three mixiny duct length variations were also selected. 
Mooel naruware was tabricated and tested. Performance and 
acoustic uata trom tne model tests were recorded at the sea-level 
static takeott and cruise design point conditions. A final mixer- 
exnaust system was selectee ano the scaie-inouel mixer system was 
testeu at selectee uti-oesign conditions in order to generate per- 
torr.ianee maps, me per tormance maps were then used in an engine- 
cycie-siziny analysis to obtain tne optimum areas for the overall 
rlignt regime. 

jiiico an oi tne mixer-eompouno exnaust system design infor- 
mation and tne static rig mooei test uata are covered under the 
liuriy domestic dissemination clause ol tne contract, all details 
cl tnis design pause were published separately. The report is 
tmeu "tjCOAT i-*;.;. or -Compound nxhuust bystem Design and btatic Rig 
Mooei Test Keport" anu idenliiieu as NASA '" , R-l3 r >3no (AiResearch 
ueport wo. 2 1- 2Bb 1 ) . ,vutnors are W. L. Blackmore and C. E. 
Tnompson ot tne nmesearacn Manufacturing Company of Arizona. 

J . j . z Fun-ocaie system 

t \ rererence nozzle wits known tlow coeiticients and thrust 
coett lciants was used tor engine calibrations. Area inspections 
ano caicuiuteu coeiticients (baseu on the scale-model tests) were 
used to provide predicted data for tne mixer-compound nozzle 
systeui. Agreement was ootaineo tor tne predicted performance with 
tne actual engine take-off powe*. setting at sea-level static con- 
ditions. 

The mixer-eompouno exnaust system increased the thrust coef- 
ficient for tne seu-level-static takeoff-power setting by 
1.4 points relative to tne rel erence-coannular exhaust system. 
This provides a 3.1-percent improvement in TSFC and a 10 . f K 
(iy°F) uecrease in T,^. The test results exceeded the pretest 
status mooei predictions ot A TSFC by -2.7%, and AT’,, by -7.2K 
(-13V). 


39 


Since engine sea-level static teat results veriiieu the 


status mouei predictions, tne 
improvement in tnrust coetticient 
l.o-percent increase in cruise 
improvement in cruiBe TSFC. 


cruise design point predicteu 
oL i . 5 points snoulu result in a 
net thrust and a 3.2-percent 


J.o Component Hardware 

j.o.l Controls anu Accessories 

sjCCrtV periormarice (in terms ol tne control parameters) was 
generated and compared with the production TFE731-3 control capa- 
oility. The TFE731 hydromecnunical control system provides a 
bacK-up moae whicn results in engine thrust less than engine-rated 
tnrusc at some operating conuitions and restricts power lever 
travel at otners. Tneretore, these limitations of the TFE731 
controx system m QCGAT engine operation makes peripneral atten- 
tion necessary. Tne audition of peripneral electrical equipment 
wouxu provide lor manuax bleed valve operation anu an increase in 
tne maximum Luel schedule, under certain conditions, wnen neces- 
sary. These functions are activated or deactivated depending on 
engine operating point. In addition to the close attention 
required, including the peripheral electrical equipment, rapid- 
transient operation would be unavailable. 

Based on tnis analysis, the use ol the TFE731-3 control 
system without a computer was not considered practical in terms of 
operating procedures. 


Figure 3-21 is a block diagram ol tne system selected for the 
QCGAT Engine showing interfacing parameters and the functions 
assigned to the computer and hydromechanical control sections. 
QCGAT engine characteristics were compared with those of the 
TFE731-3 t, determine the modifications necessary for the existing 
computer. This comparison showed the basic logic was satisfactory 
and the adjustment ranges are adequate. The only modification 
necessary would be changing component values, specifically, 
resistor changes. 

The QCGAT control computer is a solid-state electronic unit 
providing engine-control features as follows: 


(a) Engine condition input signals 

(b) Starting control 

(c) Power control and adjustments 

(d) Transient operation limiting 

(e) Control function selection 

(f) Power output to fuel control 

(g) Surge bleed valve control 

(h) Computer monitoring and control mode switch 

(i) Speed switch option 

(j) Overspeed protection 
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FUNCTIONS: 


Nj OVERSPEED GOVERNING 
Nj GOVERNING; MANUAL 

OVERSPEED SHUTOFF 
FUEL SHUTOFF 

ELECTROMECHANICAL INTERFACE 


ENG ME 


HYDRO - 
MECHANICAL 
SECTION 


FUEL FLOW 


JSLEED VALVE_ 
SIGNAL 


BLEED 

VALVE 


TO 

COCKPIT 


“I - (-M 
p 3 

_OVERSPEED_ 

SIGNAL 


50% 

SPEED - 
SWITCH 


1 CONTROL 
1 COMPUTER 



1 SUPPLY VOLTAGE 

I FUNCTIONS 

'r~ MAXIMUM FUEL SCHEDULE 
I - MINIMUM FUEL SCHBXJLE 
f - GOVERNING 

t- SPEED SETTING SCHEDULE 
h* SURGE BLEED VALVE LOGIC 
I— ULTIMATE OVERSPEED SWITCH 
H CLOSED LOOP T 4j LWMTING 

H- ENG ME THRUST AND FUEL VARIATION ADJUSTMENTS 


Figure 3-21. QCGAT Control System. 


Ti»« relationship between these major control features is 
illustrated in the functional diagram of Figure 3-22. 

3 . t> . 2 lubrication System 

The diagram in Figure 3-2a snows the major elements associ- 
ated with the engine lubrication system, including the oil tank 
and cooling components. Oil is drawn from the tank by the pres- 
sure pump and is passed through the filter, and the air-oil 
cooler. From this cooler, oil flow is divided so that a portion is 
directed to the engine bearings and accessory gearbox, while the 
remainder is delivered to the fan gearbox. The air-oil cooler is 
equipped with a thermostatic bypass valve to maintain the oil at 
tne desired temperature during cold-weather operation. 

The oil pumps are housed in the accessory gearbox pump pack- 
age, which contains four scavenge pumps and the oil-pressure pump. 
These pumps scavenge: (1) the fan gearbox and forward-engine 
bearings, the aft-engine bearing, (3; the transfer gearbox and 
the mid-engine bearings, and (4) the accessory gearbox. The dis- 
charge side of the scavenge pumps connects to a common line that 
is routed to the oil tank. 

The capacity of the scavenge pumps is greater than that of 
the pressure pump, to ensure good scavenge performance. Air is 
separated from the oil by the deaerator in the oil tank and is 
vented to the accessory gearbox. Suspended oil droplets are 
removed centr if ugally from the air before the air is vented over- 
board through the breather pressurizing valve. This valve main- 
tains a minimum pressure in the lubrication-system compartments to 
ensure proper oil pump operation at all altitudes within the 
engine operating envelope. 

3.6.3 Electrical System 

The engine electrical system includes dual ignition, an 
engine-mounted fuel control system, an inter turbine-temperature 
tnermocouple assembly, two monopole pickups for LP- and HP-spool 
operating speed, and a magnetic chip detector. A 24-volt dc 
starter-generator is provided for engine starting when supplied 
with sufficient electrical energy. 

3 . b . 4 Accessor ies 


The accessory-drive gearbox is located at the lower forward 
end of the engine and is driven by the HP rotor through a transfer 
gearbox. It provides two drives and mounting pads on the forward 
side for a customer-furnished alternator, hydraulic pump, or 
similar accessories. The total power available for extraction 
from the customer accessory drives varies from 14.9 kW (20 horse- 
power) at idle to a maximum of 29.8 kW (40 horsepower) at takeoff. 


42 


ENGINE 

TNWT 

STCRALS 



<T 4.2> 

(P t .) 

(N//Y.) 


INPU T SIGNAL 
(USED BELCH) 


II. 


MANUAL 

THHlTg 

PLA 

IDLE ADJ 

MAX. PVR_ 
ADJ. 

FLAT RATING •< 


1 4 2 LIMIT 


ADJ. 


FUEL 

ADJUST 


J 


START 

CONTROL 


III. 

POWER 

CONTROL 


V. 


L\—l— 


MAIN 
FUNCTION | 
SELECT 


1 ' 


IV. 

TRANSIENT 

OPERATION 

LIMITING 


III* 

i-L-i-ii 

VIII. 

MONITORING 
AND CONTROL 
MODE SWITCH 


VI. 

POWER 
OUTPUT 
TO FUEL 
CONTROL 

FUEL 

ADJUST 


VII. 

BLEED 
VALVE 
CONTROI.I 
A POWEItJ 
OUTPUT 


X. 

OVERSPEED 

PROTECTION 


.MAIN FUEL 
SHUTOFF VALVE 



OUTRJTS 


TO FUEL 
CONTROL 

(V p *> 


TO BLEED 
SERVO 


<v 


'’MANUAL" 

50% n 4 /r 

2 t* 


Figure 3-22. QCGA1 1 Control Computer Functional Diagram.. 
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Figure 3-23. QCGAT Engine Lubrication Sys ter 



Tno AiRoscateh-i ut ntshed st at tei -genet atoi it; altio mounted on a 
lot ward-side mount ing pail. 

The Luei pump supplies tuei to t lie hydromeehanieal section at 
me required pressure and tlow. The pump in mounted on the att end 
ot tiie accessory gearbox and is driven at speeds trom zero to 
o 28.2 tad/a (bOOO tpm) . The two-stuge tuel pump provides the 
mountinq interlace and drive tor the hydromechan ical section ol 
tiie tuel control system. 

3 . 7 Engi ne Inst alla t ion 

3.7.1 Engine Mounting 

Tiie basic mounting provisions ate shown in Figure 3-24. 

3.7. 1.1 Center ot Gravity 

The center ot gravity ot tiie basic engine is also rhown in 
Figure 3-24. it optional accessories are installed on tiie engine, 
tiie center ot gravity values indicated in Table 3-8 must be used 
in calculating tiie installed center ot gravity. Tiie center ot 
gravity location tor a specitic engine cont igurat ion would be 
snown on tiie applicable installation drawing. Aircraft acces- 
sories mounted on tne engine should be included tor calculating 
the installed center ot gravity. 

3 . 7 . 1 . 2 f oment o t inertia 


Tne calculated mass moment ot inertia about tiie center ot 
gravity tor the basic engine is tabulated as follows: 


xx 


‘yy 


zz 



Basic 

Engine 



19. b 

Nm-s 2 

(173.5 

lb- 

in. -sec 2 ) 

32.0 

Nm-s 2 

(4b0 . 0 

lb- 

in. -sec 2 ) 

4b. 3 

Nm-s 2 

(411.6 

lb- 

in. -sec 2 


Tiie polar moment ot inertia and direction ot the major 
rotating masses tor the QCGAT engine is as follows: 


Hign-pressure rotor 
Low-pressure rotor 


Rotating Group 

2 2 
13. b Nm-s (120 cw lb-m.-sec ) 

0.47 Nm-s 2 (4.18 cw lb-in. -sec 2 

1.08 Nm-s 2 (9.b0 ccw lb-in. -sec 2 ) 




Fan rotor 




KTA 

St 22 (OCUAT) 



FORWARD MOUNTS 
LOOKING rORWAHD 


Mods 1 

S?A 

r~— 

WL 

OCGAT 

20b. S 

100.1 

)b7.b 


Figure 3-24 


Mounting Configuration and Basic Dry 
Engine Center of Gravity. 


TABLE 3-8. ENGINE ACCESSORIES. 


Item Accessory 


Accessory Center of Gravity Location 


@ 


Maximum 

Weight Water Buttock 

kg (lbs) Station Line Line 


1 . 

Air-oil cooler assembly 
oil-to-fuel cooler, and 
associated lines and 

valves , ® 

17.00 

(37.5) 

209.1 

95.5 

103.6 

2. 

Oil tank (steel) with 
left and right-hand 
fill ports, dipstick 
and associated plumbing 

5.22 

(11.5) 

194.4 

90.2 

(89.2) 

112.5 

(114.7) 


NOTES: 

(1) To calculate the center of gravity of the final engine con- 
figuration, the incremental differences of the added acces- 
sories must be computed and algebraically added to the basic 
center of gravity shown in Table B. 

(2) If the optional air-oil cooler is not included with the 
engine, an appropriate aerodynamic fairing is required. 

This fairing is not included with the basic engine. 

( 3 ) Note that the oil tank and plumbing weight will vary with 
installation variations, such as auxiliary fill tube length 
and other accessories that may be included. Refer to the 
applicable installation drawing. 
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j . 7 . 2 r-.ru) 1 no Weight 

The engine weight summary is listed in Table J-9. 

J . 7 . 2 . 1 Fnqine Dry Weight 

The dry weignt oL the basic yOGAT engine is 380 kg 
(837 pounds). This weight includes the 4.67 kg (10.3 pounds) of 
the remotely mounted electronic computer and the weight ot the 
standard equipment items listed in Table 3-10. 

3 . 7 . 2 . 2 Stand ard equipm ent 

yOGAT engine standard equipment to*" the basic engine includes 
the items listed in Table 3-10. 

3 . 7 . 2 . 3 Kesidual Fluids Weight 

The residual tluids that remain in the engine after drainage 
will not exceed 1.81 kg (4 pounds) ot oil and 1.36 kg (3 pounds) 
ot tuel. Kesidual tiuids that remain in the accessories, Items 1 
and 2 ot Table 3-8, alter engine draining will not exceed 1.81 kg 
(4 pounds) ter oil and 0.41 kg (2 pounds) tor tuel. An installed 
engine tilled with tluids and ready for operation will contain an 
additional 0.91 kg (2 pounds) ot oil in the lines and sump, and 
5.44 kg (12 pounds) ot oil in the optional oil tank. 

The accessories available tor this engine, as listed in 
Table 3-8, must be included in calculations of the installed 
engine weignt. 

3.7.3 Nacelle Weignt 

9 

3 . 7 . 3 . 1 yCGAT Workhorse Nacelle 

The design intent ot the workhorse nacelle was to provide 
durable and fatigue-resistant nacelle components. This was accom- 
plished through the use ot heavy-gauge sheet, plate, and bar forms 
that resulted in economical components. Fabrication techniques 
included forming, machining, and riveting. Fusion welding was not 
used in order to minimize distortion. The workhorse nacelle com- 
ponents incorporate all the aerodynamic, acoustical, and instru- 
mentation requirements. The components also provide for easy 
access to the engine service areas and interchangeability of 
acoustic and hardwall panels with precision fits to minimize steps 
in the flow path. All acoustic and hardwall panels are similar in 
design. The difference between the hardwall panels and the 
acoustic panels is the substitution ot a hard-face sheet for a 
perforated-face sheet. 
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TABLE 3-9. ENGINE WEIGHT SUMMARY. 


Component 


QCGAT 

TFE731-3 Ground Test Engine 
Weights Weight 

kg (lbs) kg (lbs) 


QCGAT 

Production Flight 
Engine Weights 
kg (lbs) 


Fan module 

65.77 

(145.0) 

72.57 

(160.0) 

67.81 

(149.5) 

Star gearbox 

10.88 

(24.0) 

14.06 

(31.0) 

13.15 

(29.0) 

Main mount and 

26.35 

31.75 

28.12 

inter, case 

(58.1) 

(70.0) 

(62.0) 

Combustion 

21.77 

39.83 

25.31 

system 

(48.0) 

(87.8*) 

(55.8*) 

LP turbine 

25.49 

(56.2) 

39.00 

(86.0) 

39.00 

(86.0) 

Ring brg housing 

6.94 

(15.3) 

10.43 

(23.0) 

10.43 

(23.0) 

Common parts 

176.58 

(389.3) 

176.58 

(389.3) 

176.58 

(389.3) 

Total weight of 

333.79 

384.23 

360.42 

power section 

(735.9) 

(847.1) 

(794.6) 

Controls and 

19.05 

19.05 

19.05 

accessories 

(42) 

(42) 

(42) 

Engine Total 

352.84 

(777.9) 

403.28 

(889.1) 

374.47 

(836.6) 


*T^ Concept 2 System 
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T-vif.t i )■'. 


ccgat standard t:<,nu pmfnt 


F ii'l System 

Over ; peed govei rim 

Kng ine-dt i ven pump (two stage) 

F 1 1 1 <• t 

Met «» t l nq Valve 
Shut >1 I valve 
Flow d l v ider 
Nozzle man i I olds 
No/ / les 

Fur»l oontrol and assoc l at ed 
probes including linns 

Re mot e ly mounted electronic fuel- 
control computer (excludinq 
wiring and pressure-sense line) 

t.ubr icat ion System 
Pr ensure pump 
Scavenge pumps 
Filter 

Pressure regulator 
Magnetic chip detector 

Oil breather pressurizing valve and vent 


Inst r ament at nm Mosses 

Oil pressure, oil temperature*, fuel 
flowmeter provisions, and fuel pimp 
interstage pressure or temperature 


Mi see 1 1 nneour. 

Spinner 

Mounting and handling provisions 

Kngine inlet flane, fan duct inner 
and outer flange, and turbine 
exhaust flange connection 
point s 


One high-pressure and two low-pressure 
bleed-air ports 

Nj low-pressure rotor and N£ high- 

pressure rotor monopole speed 
sensors 

Rotor blade containment 

Fan- tip noise attenuation 

Sut ge-cont rol ler system 

Gearbox and drive pads for airframe 
accessories 


Ignition System, Kxcluding Power Source 

Dual capacitor discharge ignition 

unit capable of continuous duty 

Two ignitor plugs and shielded high- 
tension leads 


Turbine Gas Temperature Sensor 


Thermocouples and an ITT (T^ 3 ) 
sensor harness as 
shewn on the Installation 
Drawing 


•Although not required for engine operation, provision for installation of fan gearbox oil-out 
temperature sensing is furnished. 


’<o 


Figure 3-25 (Drawing 3 Vj) 810) is the assembly drawing of. the 
sjCGAT engine and the Workhorse Nacelle. 

3 . 7 . 3 . 2 Flight Nacelle 

The V2CGAT program required labrication ol only the workhorse 
nacelle. Since this assembly was lor ground use, with all tlight 
dimensions, the lubrication techniques were governed by economy 
rather tnan weiynt. The lliyht nacelle was designed in "layout" 
or "preliminary" lorm. Estimated weights ol tne llight nacelle 
and major components are listed in Table J-ll. 

3. 7. 3. 3 Total Engme/Nacelle Weight 

The QCGAT Production Flight Engine and Nacelle is estimated 
to nave a total weignt ol 513.27 kg (1,131.6 pounds). 
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OCGAT Workhorse User II 











'.ABLE 5-11. ( CGAT PRELIMINARY FLIGHT 

BREAKDOWN . 


Nacelle Components 
Nose cowl assembly 

Door assembly fan cowl 

Aft fan duct 

Outer barrel 
Inner 

Engine service and fount fairing 
Fan nozzle 

Core mixer nozzle 
Total 


NACELLE WEIGHT 


We i ijht 
kg (lb.*;) 


23.1 

(SI) 


lb. 3 
( 3b) 


59.4 

(131) 


15.4 

(34) 


19.5 

- ii lL 

133.8 

(295) 
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SECTION IV 

AIRPLANE DEFINITION AND CHARACTERISTICS 

4.0 AIRPLANE DEFINITION AND CHARACTERISTICS 

4 . 1 General 


The originally proposed airplane definition was based on two 
primary objectives: (1) Provide for an airplane that would 
utilize the installed thrust ot the QCGAT engine and produce a 
takeoff flight path that would meet the noise goals of this pro- 
gram) (2) Represent a viable airplane with respect to its ability 
to transport passengers and cargo with a fuel efficiency that 
would compare favorably to current business jet airplanes. 

The increased thrust of the QCGAT engine, as compared with 
the TFE731-2 engine, was utilized to provide an airplane of the 
Learjet 35/36 and Falcon 10 class, and include a higher seating 
capacity. The airplane definition and performance uses the QCGAT 
engine as described in this document. 

4 . 2 Aircraft Performance 


The airplane takeoff-gross weight and wing area have been 
scaled to match engine thrust changes. Airplane parameters are 
snown xn Table 4-1 with the engine installation losses given in 
Table 4-2. The originally proposed airplane specified a total 
sea-level static thrust to takeoff gross weight ratio of 0.410 
combined with a takeoff-gross weight to wing area ratio of 72.55. 
These parameters produced an acceptable acoustic takeoff flight 
path and good specific range cruise performance. These ratios 
were retained tor the March 1977 redesign. The reduced installed- 
takeoff thrust of the QCGAT engine produced a reduced takeoff- 
gross weignt as well as a smaller wing for the same takeoff flight 
path. 


a further reduction in installed sea-level-static thrust to 
16,845 N (3787 pounds) per engine (ISA 10°C) , shown in Table 4-1, 
would necessitate a further payload reduction of 294 kg 
(649 pounds) in order to meet the earlier takeoff flight path. 
Another solution is to retain the takeoff-gross weight of 8674 kg 
(19,122 pounds) and reduce the takeoff thrust to weight ratio to 
0.39b. This would require acceptance of reduced takeoff perform- 
ance. Table 4-3 contains the pertinent takeoff summary data. 
Plots of takeoff-flight paths with and without thrust cutback are 
given in Figure 4-1. 


TABLE 4-1. COMPARI BON Of PRESENT AIRPLANE TO PROPOSAL AIPPLAN1 . 


Parameter 

r - "f- -} — 

Wing li«< m‘ (ft 2 ) 

t>LS threat N (lb) 

(metalled - IBA +10*0 

riapa 

Flap apan/wing apan 
SLS thruat/TOGW (ISA ♦ 10*0 
TOGW wing araa Kg m 2 (lb ft 2 ) 
Capacity (craw ♦ pasaangara) 
OWE Kg (lb) 

TOiiW ag (lb) 

Max ramp wt Kg (lb) 

Max fuel wt Kg (lb) 

Max uaable fual Kg (lb) 

Max payload Kg (lb) 

Max landing wt Kg (lb) 

ZFW W/max payload Kg (lb) 

Fuel W/max payload kg (lb) 
Payload w/max foal kg (lb) 


Scalad 

Alrcraft/OCGAT 
Phaaa II 

(Prcpoaal 
At r plana) 

QCGAT 
Mar 77 

rinal 

QCCAT 

25.1) (271.0) 

24.49 (263.6) 

24.49 (26 ). 6) 

18,39) (4,135) 

17,437 (3,920) 

16,845(3,787) 

Doubla-alot ted 

Double-Blotted 

Double-Blotted 

0.700 

0.700 

0.700 

0.410 

0.410 

0.396 

344.2 (72.55) 

354.2 (72.55) 

354.2 (72.55) 

2 + 14 

2+12 

2+12 

4,970 (10,957) 

4,790 (10,5*V) 

4,807 (10,599) 

9,149 (20,170) 

8,674 (19,122) 

8,674 (19,122) 

9,262 (20,420) 

8,757 (19,372) 

8,767 (19, 372) 

3,327 (7,335) 

3,1)2 (6,948) 

3,152 (6,948) 

3,315 (7,309) 

3,110 (6,922) 

3,140 (6,922) 

1,413 (3,114) 

1,231 (2,714) 

1,231 (2,714) 

6,856 (lb, 115) 

6,775 i 1 4 ,936) 

6,775(14,936) 

6,383 (14,071) 

6,021 (13,273) 

6,021 (13,273) 

2,880 (6,349) 

2,767 (6,099) 

2,767 (6,099) 

965 (2,128) 

846 (1,865) 

846 (1,865) 


TABLE 4-2. QCGAT AIRPLANE INSTALLATION LOSSES 
USED FOR TAKEOFF SEGMENT. 


Parameter 


Value 


Inlet Ram-Pressure Recovery 


0.995 


High-Pressure Rotor Power Extraction 


8.948 kW 
(12 HP) 


Low-Pressure Compressor Discharge Bleed 


0.0756 kg/s 
(10 lb/min) 


TABLE 4-3. TAKEOFF PERFORMANCE OF CURRENT AIRPLANE 
DEFINITION WITH MAY 1977 QCGAT ENGINE. 
(SEA LEVEL RUNWAY - ISA +10 °C) 


Parameter Value 


Takeoff gross weight - kg (lb) 

8674 (19,122) 

Wing area - m^ (ft^) 

24.49 (263.6) 

Engine SLS thrust - N(lbs) 

16,845 (3787) 

Distance from brake release 
to (35 feet) in altitude km(ft) 

1158 (3798) 

Altitude m(ft) at a distance of 
6.5km (3.5nm) from brake release 

1151 (3376) 

V Stall takeoff config km/hr (KIAS) 

206.1 (111.3) 

C LV2 

1.199 

C LMAX 

1.73 

V 2 + 10 KTAS km/hr (KIAS) 

265.8 (143.5) 
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The approach iliyht path was recalculated tor a weight of 
b777 kg (14,940 pounds) and the new wing area ot 24.49 nr 
(2oJ.b ft"). The pertinent data is given in Table 4-4. 

Specific range versus Mach number plots for several altitudes 
are given in Figures 4-2 through 4-9 and reflect the cruise per- 
formance ot the engine with the airplane having a wing area of 
24.49 in (263.6 tO . 

The payload versus range performance of the airplane was com- 
puted and is compared with the corresponding performance of 
airplane/engine as given in the proposal document. This data is 
given in Figure 4-10 with the weight schedules given for the break 
points in Table 4-5. 

Figure 4-11 provides a "first pass" three-view drawing of the 
OCGAT airplane. Further extensive improvements can also be made 
by increasing the wing aspect ratio and reducing the fuselage 
length by lowering the wing mounting relative to the fuselage so 
that passengers can be carried directly over the wing. 


TABLE 4-4. APPROACH FLIGHT (ISA +10 °C) 


Parameter 


Value 


Approach 
Approach 
Approach 
Approach 
Approach 
Approach 
Ang’e ot 


Flight Path rad (degrees) 
Mach Number 
Altitude m(ft) 

Flap Setting rad (degrees) 
Weight m(lb) 

Thrust per Engine N(lb) 
Attach rad (degrees) 


«FRL* 


-0.0524 rad (-3°) 

0.204 

112 (370) 

0.6632 rad (38°) 
6777 (14,940) 
3741 (841) 

0.0227 rad (1.3) 
0 


*Angle of Attack of Fuselage Reference Line 
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SPECIFIC RANGE - NM/LB 
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SPECIFIC RANGE - km/kg 


AIRPLANE WEIGHT kg (LB) 
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Figure 4-6. 
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ALTITUDE 9,144 m 

(30,000 FT) 

Specific Range Versus Mach No. for QCGAT -Rowe red 
Scaled Airplane at 9,144 m (30,000 Ft) Altitude. 
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TABLE 4-5, OCGAT PAYLOAD/ RANCL 


PiriNtit 

Keru 

Payload 

Max ruel 

deduced 

Payload 

Max p/L 
Reduced 

Puel 

Payload kg (lb/ 


0 

•50 (1(65) 

2714 (12)1) 

OWE kg (lb) 


4715 (10,559, 

4719 (10,559) 

4789(10,559) 

IPW kg (lb) 


47»9 (10,559) 

5635 (12,424) 

602) (11,273) 

Max fual kg (lb) 


3152 (494V) 

3152 (694V! 

2755 (6099) 

Reap weight kg (lb) 


7941 (17,507) 

•787 (19,372) 

V7B7 (19,372) 

Taxi fual kg (lb) 


113 (250) 

113 (250) 

113 (250) 

TOUW kg (lb) 


712V (17,257) 

•674 (19,122) 

8674 (19,122) 

Rang# km (NM) 

30 airi reserve m 1524 a 

(5000 ft) 

4552. (3458) 

4136 (2233) 

3456 (1866) 

Range ka (NM) 

45 ain reserve lit end of 

cruise 

4463 (2410) 

1993 (2156) 

3295 (1779) 

Cruise altitudes a (ft) 


12,496/13,716 

(41,000/45,000! 

11,887/13,106 

(39,000/43,000) 

11,887/13,106 
( 39 , 000/4 3 , 000 ) 

Cruise MACH Nuabers 


0.70/0.70 

0.70/0.70 

0. 70/0. 70 

Beginning cruise, L/D 


*0. 6/10 . 8 

10.8/10.8 

10.8/10.8 

End cruise, L/D 


10. 6/10. 6 

10.7/10.7 

10.7/10.7 

Beginning of cruise, TSFC 
kg/N-h (lb/hr/lb) 


0.073/0.075 
,< . 7/1) /'i, 7 ( )) 

0.072/0.074 
(■,. 71 2/'.. 7 (!) 

0.072/0.074 
('1.712 >. 7)1) 

End of cruise, Tsrc 
kg/N*h (lb/hr/lb) 


0.073/0.075 
(il,72(i/ii. 7V,) 

0.073/0.075 
(0. 717 u.74 0 

0.073/0.075 
(O, 71 7 11. 73.3) 


SPECIFICATIONS: 

LENGTH 17.6 m (57.75 FT) 

WING SPAN 12.9 m (42.5 FT) 

HEIGHT 4.11 m (13.5 FT) 

WING AREA 24.49 m 2 (263.6 FT 2 ) 

MAX T.O.G.W. 8674 kg (19,122 LB) 
MAX PAYLOAD 1231 kg (2714 LB) 


Figure 4-11. QCGAT Airplane 




SECTION V 

COMPONENT TESTS AND RESULTS 


5.0 COMPONENT TESTS AND RESULTS 


Components of the QCGAT Engine that were tested as components 
included the fan blades, low-pressure turbine blad' . fan gearbox 
and the mixer-compound exhaust nozzle. 

5.1 QCGAT Fan Blades 

The QCGAT fan blades are mirror images of the AiResearch 
Model ATE 3 turbofan engine blades. Vibration frequencies and mode 
shapes were measured and the frequencies for the first six QCGAT- 
blade modes agreed with those of the ATF3 blades within three 
percent. Whirlpit tests and strain-gaged engine tests on the ATF3 
for FAA certification have been able to verify by similarities that 
tne QCGAT fan blades are free from harmful vibrations in the 
engine operating range. 

5.1.1 Fan Blade Test Setup and Procedure. 

Vibration tests of the QCGAT fan blades included measuring 
vibration frequencies and mode shapes using holographic tech- 
niques. Piezoelectric pickups were mounted on the blade at the 
leading-edge tip, root, and midspan. The driver was mounted at 
the base of the blade. The blades were maintained at room temper- 
ature for all tests. 

5.1.2 Fan Blade Test Results 

A summary of the results and the comparisons to the 
Model ATF3 blade is given in Table 5-1. A typical blade response 
is shown in Figure 5-1. 

5.1.3 Fan Blade Test Conclusions 


The frequencies for the first six QCGAT vibration modes agree 
with those for the Model ATF3 blades within three percent (see 
Table 5-1) . There is also good agreement in mode shapes as shown 
in Figure 5-1. These results verify that the QCGAT fan blade has 
nearly identical vibrational characteristics to those of the 
Model ATF3 fan blade. 

Based on the strain levels observed during the preliminary 
tests on the Model ATF3 fan blades and the accumulated Model ATF3 
engine run time of over 1000 hours (including manned aircraft test 
flight hours) , all evidence indicates that the blade stress levels 
are satisfactorily low throughout the engine operating range. The 
engine run time has included operation at altitude, with distorted 
inlet conditions, actual flight time and routine endurance running 
to a simulated business-jet mission profile. 
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TABU. 1 . 


COMPARISON OF QCGAT AND MODEL ATF3 
FAN BLADE VIBRATION RESULTS. 


Mode 

F toque ncy 
QCGAT 

(Hz) 
ATP 3 

Pi i c i stage 
Di f i 1 1 once 


1 

124 

120 

+ 3.0 

2 

446 

437 

+ 2.0 

3 

7 1-0 

762 

+ 2.0 

4 

972 

996 

-2.0 

5 

1790 

1794 

-0.2 

6 

2102 

2188 

-1.0 


Since the QCGAT fan blades have practically the identical 
vibrational characteristics when compared to the Model ATFJ lan 
blades, there is a very high confidence level that the QCGAT fan 
blades are also free of any harmful vibrations in the engine 
operating range. Based on this information, the fan blades are 
adequate for the QCGAT engine applications. 

5 . 2 LP Turb ine B1 ados 

The QCGAT low-pressure turbine blades (LPT blades) were 
designed specifically for the QCGAT application). Natural fre- 
quencies and mode shapes for the three stages were evaluated for 
both restrained and non-restrained tip-shroud boundary con- 
ditions. Natural frequencies were determined by electronic com- 
parison of blade displacement response and input drive. Measured 
frequencies were verified by time-average holographic techniques 
in which mode shapes were photog t *ph ically recorded for comparison 
with those predicted by the design analysis. Estimates of blade 
frequencies at engine operating conditions were made based on the 
frequencies measured and analytical corrections for temperature 
and rotational speed. 
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QCGAT 
FAN BLADE 
780 HZ 




ATF3 

FAN BLADE 
7b2 HZ 

1 16 AMPLITUDE 


Figure 5- 1 . 


Mode 3 Comparison of QCGAT and ATF3 Fan Blades. 
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Till' result: ol tin 1 r out i a i nod tip-shroud measun mont s aio 
representative ol t ho blades durinq engine operation. Contact 
with adjacent tdades will occur at low speed even with adverse 
blue-print tolcianco conditions. Kstimated frequencies based on 
these measurements indicate the possibility of interference of the 
lower modes of the second ami third stages with low-integral order 
excitations. 

5.2.1 LPT Blade Test Setup and Procedu re 

The fixturing used in the testing provided restraint to the 
blade attachment and permitted restraint of the blade at the tip- 
shroud contact surfaces. The pretwist of the blade, resulting 
from the shroud restraint, was measured by a dial indicator at the 
pressure-side tr a i 1 i nq-edge corner of the shroud. A holographic 
setup was used to assess mode shapes. 

Drive wan supplied to the blade by a crystal gauge loated on 
the suction side of the blade at approximately two-thirds span. 
Response of the blade was measured by an inductance (Bentley) 
probe. The probe was positioned on the suction side, trailing 
edge near mid span of the blade. A photograph of the typical 
restrained and non-rest ra i ned set-up for the blades is shown in 
Figure 5-2. 

The blade to be tested was installed in the tost fixture with 
only the attachment restrained. The crystal gauge was then ener- 
gized and a scan of blade-displacement response from 100 to 
20,000 Hz made. The input voltage to the driver and the displace- 
ment response, as measured by the Bently probe output voltage, 
were displayed on a dual-beam oscilloscope. Frequencies at which 
blade response peaked were noted. The response frequency was com- 
pared to the input frequency to assure that the response was not a 
harmonic of the input. Holograms were then taken at the peak 
response frequencies. 

Restraint at the blade tip was then added by applying a pre- 
twist type load to the tip shroud. The frequency span and holo- 
gram photography were then repeated. This procedure was employed 
for each of the three stages. 

5.2.2 L PT Bla de Test Results 

Two types of data were taken during the testing; the response 
frequency as indicated by blade-displacement response, and photo- 
graphs of the holograms taken at those frequencies. 

The frequencies measured during the testing were utilized 
with the analytic predictions to provide an improved assessment of 
the vibratory characteristic of these blades under engine 
operating conditions. The measured mode shape, hologram, and the 
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CRYSTAL DRIVER PLACEMENT 


FIXTURING WITHOUT SHROUD RESTRAINT 


It 

FIXTURING WITH SHROUD RESTRAINT 


Figure 5-2. QCGAT Blade Fixturing for Frequency Testing 
(Second Stage LPT Blades). 
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analytic mode shape were compared to assess correlation. When a 
match on mode shape was obtained, the calculated centrifugal stif- 
fening was used together with the measured frequency, adjusted for 
temperature, to predict the operational frequency of the blade for 
that mode. For measured frequencies higher than those predicted, 
the centrifugal stiffening was estimated from the mode shape. A 
typical predicted plot ar.d photograph of actual mode conditions 
are shown in Figure 5-3. 

The interference diagrams generated indicate possible inter- 
ferences of the predicted frequencies with possible excitation 
sources within the operating range of the engine. Of these 
possible interferences, the most likely to result in problems are 
the lower two modes of tne second and third stages with low inte- 
gral order excitations. 

5.2.3 LPT Blade Tes t 

The results of these tests indicate the possibility of inter- 
ference of the lower modes of the second- and third-stage LPT 
blades with low-integral order excitations. The engine has 
accumulated over 77 hours of operation at various rotor speeds 
including maximum power. An FOD inspection was conducted after 
69 hours of operation. This inspection indicated no potential 
blade vibration problems. In the absence of any strain-gauge 
testing, careful inspection of the rotor blade should be conducted 
at each major engine disassembly. 

5.3 Fan Gearbox 


The fan gearbox tests were conducted to determine the magni- 
tude of the heat generation and the effects that various oil flow 
rates, oil inlet, temperatures, and gearbox speeds have on heat 
generation. 

5.3.1 Fan Ge arb ox Test Setup and Procedure 

The QCGAT fan gearbox and test fixture are shown schema- 
tically in Figure 5-4. The heat generation of the unloaded gear- 
box was measured by establishing a constant oil-flow rate through 
the gearbox and then increasing the speed from 0 to 20,700 rpm at 
given intervals. Data was taken at 0, 5,000, 10,000, 15,000, and 
20,700 rpm and then repeated at the same intervals while 
decreasing to 0 rpm. Two oil flow ranges (3 and 5 gpm) were run at 
all speeds, and three oil inlet temperatures (175, 225, and 260°F) 
were run at the 5 gpm flow rate. A 25 horsepower U.S. varidrive 
system was used for the drive power. 

Heat generation of the fan gearbox was calculated by two 
methods : 
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PREDICTED 



MODE 2 f - 7390 Hz 
NORMAL MODE SHAPE 



MODE 1 f = 4910 Hz 
NORMAL MODE SHAPE 


ACTUAL 



f = 3680 Hz 


f = 4929 Hz 


f * 6340 Hz 


f =■ 6889 Hz 


Figure 5-3. QCGAT First-Stage Turbine Blade Static 
Frequencies with Shroud Restraint. 


70 




KiGlNAl PAGE IS 

* I’ooR quaiit* 






BEARING 



Figure 5-4. Test Rig and Gearbox Setup. 


The first method used the drive torque and shaft speed to 
calculate the gearbox input horsepower. This value was assumed 
equal to the losses of the gearbox bearings, seals, and gears. 

The second method used the temperature rise in the oil, 
supplied to the gearbox, and oil-flow rate to calculate the power 
loss. The gearbox was insulated to minimize the effects of heat 
loss from the oil system to the surrounding atmosphere. During 
the rig testing of the TFE731 gearbox in 1971, only this method 
was used because of torque meter instrumentation problems which 
have since been resolved. In the QCGAT test, the oil AT method 
I gave lower heat generation values than the drive-torque method and 

was not as repeatable. Therefore, the higher and more consistent 
values of the drive torque and speed method were used for the 
QCGAT fan gearbox evaluations. 

5.3.2 Fan Gearbox Test Resul ts 

Some heat generation values are shown in Figure 5-5 as a 
function of rig speed. Comparable values of the TFE731 fan gear- 
box are shown where applicable. 
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Comparison with the TFE731 Can gearbox was based on both 
engine data and rig data. 

5.3.3 Fan Gearbox Test Conclusions 

The heat generation values of the QCGAT fan gearbox assembly 
were lower than that of the TFE731. Variations of the heat gener- 
ation with oil flow and oil temperature were as expected, and 
agreed with current analytical procedures and available comparable 
test data. These results verify that the QCGAT fan gearbox will 
have less heat generation than that of the TFE731 fan gearbox. 


5.4 Mixer -Compound E xhaust Nozzle 

The mixer-compound exhaust nozzle was tested as a 0.35 scale 
model. As previously mentioned, 6tatic-r ig-model test data are 
covered under the Early Domestic Dissemination clause of the con- 
tract, all details of this test were published separately. The 
report is titled "QCGAT Mixer-Compound Exhaust System Design and 
Static Rig Model Test Report" and identified as NASA CR-135386 
(AiResearch Report No. 21-2861). Authors are W. L. Blackmore and 
C. E. Thompson of the AiResearch Manufacturing Company of Arizona. 


Section vi 


AND HLSIH.T. 


6.0 SUBSYSTEM TiitfTS 

engine. "it* "was *o r 1 g*i na*i 1 ^planned "V* conduc ted for the QCGA1 
trols and accessories ^ es LbsvBt^ ° h Check onl V the con- 

testB 6 * However * it was subsequent^ 1 decided" 8 ^ 31131100 ° n the 

a Tart of the initial erumnrh^! d d t0 P erform those 
if*?*"** the controls Vnd a^sSor^w. Thi « decision was 
T * h Z J1 "? e ^uip»ent and that is 1 ere iden tical with 

production engines. Therefore h ^ ed Procedure for the TFE731 
« a part ot the engine*" green* run" ^"“ o1 tunctlo " s -ere checked 
o£ th “ repot t . since the oniv Vrr ' 8 covered in Section 7.0 
generator , its operation was c^cKr^S ^ ““ft; 
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SECTION VII 


ENGINE/NACELLE SYSTEM TESTS 


7.0 ENGINE/NACELLE SYSTEM TESTS 

7.1 Engine Teats 

The basic engine configuration, without acoustical treatment 
and without nacelle hardware, was tested to obtain a base-line 
performance rating. An overall schedule of the various tests per- 
formed, and a schematic drawing of the engine and system config- 
uration used for each test was previously shown in Figure 3-20. 

Builds 1 and 2 were tested as basic installation configur- 
ation I for the Green Run/Pre-endurance tests and for the endur- 
ance cycles. Performance Calibration 1 was also run with the same 
installation configuration. 

7.1.1 Green Run 


The "Green Run" and pre-endurance test was a run-in and 
checkout of the initial engine build. All engine instrumentation 
was checked out for proper operation. All engine control func- 
tions were checked. 

Engine vibration signatures were well within normal operating 
conditions and all safety devices operated satisfactorily. After 
the green run, the engine was disassembled and inspected as 
required to investigate for any deficiencies. No engine c ’s- 
crepancies were found as a result of the green run. 

7.1.2 Engine Endurance Cycles 

The QCGAT engine was installed in the Phoenix Laboratory test 
cell for the endurance test. The engine was operated for 23 
endurance cycles based on the duty cycle defined in Table 7-1. 


7.1.3 Performance Calibration No. 1 


The engine was installed with a calibrated bellmouth on the 
inlet. A hardwall-engine-fan duct, aft-workhorse nacelle with 
hardwall panels (except for the aft-barrel panel), and the coannu- 
lar exhaust nozzle (Configuration I, Figure 3-20) were also 
installed . 

The EPA LTO-Cycle (gaseous) Emissions measurements were 
recorded. The engine, with the fuel-flow divider connected, was 
accelerated to takeoff power after a brief warmup period at idle. 
Gaseous emission data were taken at 100-percent rated power, 
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THbLt 7-1. OCGAT tNUUKANCt TfcST CYCLE. 


Condition Cycle Time, (Min) 


Start 


Idle 

5 

Takeoff 

5 

Max. continuous 

10 

Max. cruise 

45 

Idle 

5 

751 max. crui e 

5 

Idle 

5 

Approach 

5 

Idle 

5 

Shutdown 

15 


75-percent, 50-percent, 30-percent, 25-percent, and taxi idle. 
The engine was then shutdown and the air-assist hardware 
installed. The engine was restarted and accelerated to the 1112 N 
(250-pounds) thrust taxi-idle point. The assist-airflow rate was 
adjusted to produce the desired HC and CO results. These data are 
recorded in Figures 7-1 and 7-2. 

nn engine tear-down inspection was not accomplished at the 
completion of the post-endurance calibration test. Turbine stages 
were inspected by horoscope equipment and the condition was judged 
to be excellent and not requiring disassembly for inspection. The 
post-endurance calibration test, therefore, was considered to be 
Performance Calibration 1 for the test program. Performance data 
was recorded and the thrust versus specific fuel consumption is 
plotted and shown in Figure 7-3. 

7.1.4 engine Performance 

The QCGAT engine performance testing consisted of seven dif- 
ferent combinations of inlet and exhaust nozzle configurations. 
These various configurations were previously defined in 
Figure 3-20 and are listed in Table 7-2. 

7.1.5 < ngine Configuration Performance Comparisons 

A comparison of performance for the above listed configura- 
tions for certain parameters at a low-pressure rotor speed of 1938 
rad/s (18,510 rpm) is presented in Table 7-3. This speed was 
selected since it is the highest speed common to all the tested 
conf igurations. 
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Engine Calibration No. 1 (Post Endurance) 
TSFC Versus Thrust. 




TABLE 7-2. PERFORMANCE CALIBRATIONS AND ENGINE CONFIGURATIONS. 


Calibration 

No. 

Configuration 

No.* 

Description 

1 

I 

Bellmouth and Coannular Nozzle 

2 

VI 

Bellmouth and Mixer-Compound Nozzle 

3 

II 

Flight-Simulator Lip and Coannular 
Nozzle 

4 

ill 

Nacelle Lip and Coannular Nozzle 

5 

V 

Nacelle Lip and Mixer -Compound 
Nozzle 

6 

IV 

Flight-Simulator Lip and Mlxer- 
Compout.d Nozzle 

7 

XV 

Flight-Simulator Lip, Mixer- 
Compound Nozzle and Acoustically 
Treated Ducts 


*See Figure 3-20. 

Performance calibration 2, using the mixer -compound nozzle, 
resulted in a significant increase in airflow and thrust at a con- 
stant N, , The mixer-compound nozzle has a bypass stream area that 
is effectively much larger than the coannular nozzle. This pro- 
vides a rematch of the fan to a higher efficiency and flow. The 
core stream area is effectively smaller than the coannular nozzle 
and causes a higher LP turbine discharge pressure. The engine has 
a higher HP turbine discharge temperature because of the increased 
total airflow requiring more power from the LP turbxne. The 
increased power was supplied by increasing the turbine-inlet tem- 
perature which results in a higher N 2 and P t3 . The increased 
thrust resulted principally from the fncreasecr airflow, with the 
increased core stream temperature and nozzle thrust efficiency 
accounting for the remainder. The improved performance achieved 
with the mixer-compound nozzle is shown on the comparison of cali- 
brations 1 and 2 in Figure 7-4. 

Performance calibration 3 utilized the flight simulator lip 
with the coannular nozzle. The internal engine parameters 
remained virtually unchanged from performance calibration 1, with 
the exception of fuel flow and HP turbine discharge temperature. 
Both the fuel flow and HP turbine discharge temperature were up 
slightly but the LP turbine discharge temperature remained 
unchanged indicating a slight increase in LP turbine work output. 
The increased LP turbine work was necessary because of an apparent 
small increase in total flow as evidenced by the increase in 
engine thrust. 
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TABLE 7-3. QCGAT KSGIKK 


or IBM 


(IB, SIB 


Configuration 

I 

VI 


II 


III 


V 


rr 

Ortas) 1 

tw 

looistic 


PerC 
Cal 1 

PerC 
Cal 2 


Per? 

Cal 3 


PerC 
Cal 4 


Per C 
cal 5 


PerC 
Cal 4 


ParC 

Cal 7 

Par an ter 



A0 


At 


AO 


AO 


AO 


M 

Thrust 














■ 

(lbs) 

15,413 

(3445) 

14,225 

(3715) 

♦7.2 

15,549 

(3500) 

♦1.0 

15,540 

(3507) 

♦1.2 

14,903 

(3000) 

♦9.7 

14.770 

(3770) 

♦9.9 

14,792 

(3775) 

♦9.9 

Fuel Flow 














kg/h 

(lbs/hr) 

704 

(1553) 

732 

(1413) 

+3.9 

705 

(1555) 

♦9.1 

709 

(1542) 

♦9.4 

7M 

(1430) 

♦5.0 

7M 

(1420) 

♦4.9 

737 

(1425) 

♦4.4 

B 1 

rad/s 

(rpa) 

1934 

(10,510) 

1930 

(10,510) 

0 

1930 

(10,510) 

0 

1930 

(10,510) 

0 

19M 

(10,510) 

0 

19M 

(10.510) 

0 

19M 

(10,510) 

0 

- 2 

rad/s 

Upe) 

3011 

(20,740) 

3024 

(20,000) 

♦0.4 

M14 

(20,790) 

+0.1 

MU 

(20,740) 

0 

3033 

(20,970) 

♦0.7 

liia 

(29,949) 

♦4.4 

3035 

(20,990) 

♦9.0 

T t4.2 

X 

(*F) 

1105 

(1530) 

1119 

(1555) 

♦1.4 

1112 

(1543) 

♦0.0 

1121 

(1550) 

♦1.0 

HIT 

(1544) 

♦2.3 

1124 

(1547) 

♦2.4 

1119 

(1054) 

♦1.4 

*t7.0 

K 

(•F) 

794 

(949) 

004 

(991) 

♦2.3 

794 

(949) 

0 

794 

(949) 

9 

007 

(994) 

♦2.4 

005 

(909) 

♦2.0 

009 

(994) 

♦2.7 

T tll.O 

K 

(*F) 

324 

(120.1) 

324 

(124.2) 

-3.0 

324 

(127.5) 

-0.5 

324 

(127.5) 

-0.5 

325 

(125.5) 

-2.0 

325 

(124.0) 

-2.5 

324 

(lM.l) 

0 

P t3.0 

kPa 

(p«ig) 

1215 

(174.2) 

1234 

(179.0) 

+1.4 

1215 

(174.2) 

0 

1215 

(174.2) 

0 

1234 

(179.0) 

♦1.4 

1227 

(177.9) 

♦1.0 

1233 

(174.4) 

♦1.5 

P t7.0 

kFa 

(p*ig> 

1340 

(19.43) 

1374 

(19.94) 

♦2.7 

1340 
f 3.43) 

0 

1339 

(19.42) 

-0.1 

1379 

(M.49) 

♦2.9 

1373 

(19.92) 

♦2.5 

1374 

119.93) 

♦2.4 

P tll.O 

kPa 

(pBigJ 

14i>)4 

(20.34) 

1410 

(20.45) 

♦0.4 

1400 

(20.31) 

-0.2 

1404 

(20.34) 

0 

1413 

(20.44) 

♦4.5 

1409 

(20.43) 

♦4.3 

1402 

(20.33) 

-0.1 

TOTAL 

AIRFLOW 














kg/s 

(lbs/ sec) 

40.07 

(134.2) 

43.55 

(140.1) 

♦4.4 












NOTE: 
At • 


Test 4 - Test 
Tilt i 


X XOfi 







Performance calibration 4 used tba nacelle-lip inlat with tha 
ooannular nosslaa. Tha angina parameters bahavad in a Mannar 
aiMilar to calibration 3 although tha nagnitudaa were alightly 
largar. Again, fuel flow and HP turbina diaoharga temperature 
wara up while LP turbina diaoharga taaparatura ranainad the aaaa. 
Thruat waa increased, indicating an inoraaaa in total flow. Thia 
would account for tha incraaaad LP turbina work. 

Ptrformanca calibration 5 uaad tha nacalla-lip inlat with tha 
aixer-coapound nozzle. Tha angina performance waa aiMilar to per- 
formance calibration 2, which alao nad tha aixer-ooapound nossla. 
Tha naoalla lip had tha aaaa affact with mixer-compound nossla aa 
it had with tha coannular nosslaa. 


Parforaanoa calibration 6 uaad tha flight-simulator inlat 
with tha aixar-coapound nossla. Tha angina behavior waa aiailiar 
to parforaanoa calibration 2 and tha flight-aiaulator lip had tha 
saaa affact with tha aixar-coapound nossla as it had with tha 
coannular nosslaa. 


Parforaanoa calibration 7 was run using tha flight simulator 
lip inlat, tha mixar-coapound nossla, and full acoustic traataant 
in tha bypass duct. Tha acoustic traataant had littla affact on 
tha parforaanoa of tha angina ralativa to parforaanoa cali- 
bration 6. Calibration 6 had an identical configuration without 
acoustic traataant. Thruat, fual flow, HP turbina discharge tem- 
perature and bypass-stream nossla inlat pressure wara all reduced 
slightly whila bypass stream taaparatura was incraaaad ralativa to 
calibration 6. Tha reduced bypass stream pressure indicates that 
tha bypass airflow has bean reduced slightly and this is supported 
by tha reduced thrust and fuel flow. Tha reduced airflow is 
apparently attributable to an increased pressure drop in tha 
bypass stream. 


7,1,6 Performance Comparisons to tha Pretest Modal 

A comparison of tha QCGAT angina pre-endurance calibration 
with the pretest model, including coannular nozzles, is shown in 
Table 7-4. Table 7-4 shows that thrust, airflow, P fc7 , P tl7 , and 
high-rotor speed are in reasonable agreement with th# raodeT. Fuel 
flow, however, and T*.. 0 , T ¥n , T,.,-, and are discrepant. 
Analysis of the data c sHdWs that tna' fan is rower in efficiency 
than was predicted by the pretest analytical model and lower than 
predicted in airflow at maximum power. The discrepancy in airflow 
is about 0.5 percent low at maximum power and changes to a higher 
value of 3.9 percent as speed is decreased to 17,000 rpm. 


The airflow versus speed discrepancy of the fan in the model 
is the primary reason for the increasing differences between the 
tested data and the analytical Model. 
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THU 7-4. QCGAT TEST TO FRKHST MODEL COMPARISON. 



N a * 19,504 
Coaweeler Nozzles 


N • 10,500 
Miner Muzzle 


Parameter 

Model 

TMt 

4 

Model 

Test 

A 

Thrust F„ - « 

" - (lbs) 

10,055 

(4059) 

10,030 

(4055) 

-0.11 

15,013 

(3555) 

10,503 

(3710) 

+4.40 

Fuel Flow If. - kg/h 

1 - (lbs/hr) 

800.7 

(1704) 

823.9 

(1015) 

+2.91 

004.1 

(1507) 

730.0 

(1010) 

+0.00 

High-Rotor Speed ■_ - rad/s 
* - (cp«) 

3025 

(20,007) 

3001 

(29,240) 

+1.21 

291) 
(20. i «) 

3024 

(28,000) 

+1.00 

HP Turbine Discharge Teeperature, 

T t4 2 * K 

^ (*F) 

1123.0 

(1502) 

1140.3 

(1594) 

+2.01 

1C- <3.0 
{2490! 

1110.0 

(1554) 

+4.10 

LP Turbine Discharge Teeperature* 
T t7 “ K 

t7 - CP) 

791.9 

(900) 

000.3 

(992) 

+2.71 

7*0.0 

(941) 

005.2 

(990) 

+5.10 

Fan Nozzle Inlet Teeperature* 

T tl7 " K 

- (*F) 

327.1 
(129. C) 

33C.2 

(135.0) 

♦3.21 

321.0 

(119.0) 

324.1 

(124.0) 

+3.40 

HP Caepressor Discharge Pressure, 
P.., - kPa 
a - (P*ig) 

1357 

(190.0) 

1309 

(201.5) 

+2.41 

1104 

(171.7) 

1231 

(170.5) 

+4.00 

Core Nozzle Total Pressure, P.- - kPa 

t7 - (Psig) 

141.5 

(20.52) 

142.3 

(20.04) 

+0.01 

134.5 

(19.51) 

137.4 

(19.93) 

♦2.20 

Fan Nozzle Total Pressure, P fl , - kPa 

tA - (psig) 

145.0 

(21.15) 

140.0 

(21.10) 

+0.11 

143.0 

(20.05) 

140.0 

(20.42) 

-2.10 

Engine Inlet Total Airflow, M._ - kg/s 

* T - (lb/sec) 

cc.o 

(144.0) 

05.3 

(143.9) 

-0.5% 

02.3 

(137.4) 

03.0 

(140.1) 

♦2.00 


NOTES: (1} Coannular Nozzles - Pre endures os Calibration 

(2) Mixer Nozzles - Per foes sues Calibretioe No. 2 


Table 7-4 also provide* a comparison of the preteat QCQAT 
engine with the aixer-coapound nossle* Thia comparison abowa that 
the nodel doe* not ooapare with the aixer-ooapound noaale aa 
favorably aa it did with the ooannular nozzles. The disagreement 
between the aodel and the engine ia the difference in the pre- 
dicted fan perforaanoe verau* actual fan perforaanoe. The pre- 
dicted fan map, in addition to having higher efficiencies, ia alao 
in error in tne ahape and a pacing of the apeed line*. The incor- 
rect ahapea of the apeed line* prevent the aodel froa predicting 
the correct reaatch that occur* when the alxer-coapound noxslea 
are installed. 

Analysis of internal engine instruaentation indicates that 
the levels of efficiency of the LP coapressor and LP turbine in 
the aodel are only slightly in error. The shape > are correct and 
the efficiency errors offset each other , but the aodel LP eoa- 
presaor efficiency is low and the aodel LP turbine is slightly 
high. The HP coapressor and the HP turbine in the aodel are cor- 
rect* The principle factor in the ooaparison of the aodel to test 
data ia the incorrectly eatiaated fan aap. This aap was prepared 
froa early ATP3 f an-coaponent data. The aap waa subsequently cor- 
rected baaed on aore recent rig tests for the ATP3 fan config- 
urations. 

7.1.7 Performance CoaPtrlaona to Contract Goals 

Presented in Table 7-5 is a comparison of the engine with the 
contract performance goals. Comparison of the performance aodel 
at the goal conditions with the engine test data shows that the 
engine fan is down in efficiency and that the engine ooannular 
nosxles also are down in thrust coefficient by 1-percent. These 
differences account for the fuel flow (TSFC) discrepancy with the 
ooannular nozzle. Comparison of the performance model at the goal 
conditions to the engine test data for the mixer-compound nossle 
configuration shows that a significant rematch occurred on the 
fan, moving it towards peak efficiency. The goal analytical model 
showed virtually no rematch on the fan; therefore, the engine fan 
performance (although down in efficiency) is not reduced as much 
relative to the goal with the mixer -compound nozzles as it was 
with ooannular nozzles. In addition, the mixer-compound nozzles 
achieved a 1-percent better thrust coefficient than had been pre- 
dicted, and this, combined with the fan rematch, accounts for the 
improvement in the engine TSFC relative to the ooannular nozzle. 
When extrapolated to the design-point cruise, the combined effects 
on the fan reduce the TSFC significantly and results in meeting 
the installed design-point TSFC goal. 
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TABLE 7-5. QCOAT TEST TO PERFORMANCE GOALS COMPARISON. 


Flight Condition 

Thrust 

N (lbs) 


TSFC kg/Nh (lb/hr/lb) 


Goal 

Test 

41 

Goal 

Test 

4% 

mzmsk.mnQ 

STANDARD DAT 







UNINSTALLED* 

17,513 

(3937) 

17,513 

(3937) 

0 

0.0426 

(0.418) 

0.0459 

(0.450) 

+7.7 

INSTALLED* ♦ 

17 , 313 
(3892) 

17,313 

(3892) 

0 

0.0431 

(0,423) 

0.0437 

(0.429) 

+1.4 

DESIGN CRUISE 







12,192 M (40,000 FT.) 

ALTITUDE 0.3N 





UNINSTALLED* 

3,955 

(889) 

3,955 

(889) 

0 

0.0775 

(0.760) 

0.0797 

(0.782) 

+2.8 

INSTALLED** 

4017 

(903) 

4017 

(903) 

0 

0.0759 

(0.744) 

0.0755 

(0.741) 

-0.1 


♦Reference Bellmouth, Hardwall bypass duct, 
Rs£srsnos Coannular Nossle. 


♦♦Ground Tsst Nacslls with Naoslls Lip, 

Acoustic Treatment and Mixtr Nossls. 

7.2 .^.lyj. i9 nj...Ltllg5fliag,g 

7.2.1 Engine Exhaust Emission Goals 

The amissions goals for the QCGAT engine are identical to the 
proposed 1979 SPA standards for T1 Class engines. These standards 
have since been abandoned by EPA. For gaseous emissions, the 
standards are expressed in terms of the EPA Parameter (BPAP) for 
each of the three pollutants. To determine the BPAPs, emissions 
measurements were made at four power settings (100-percent rated 
power, 90 percent, 30 percent and taxi-idle). At each of the four 
power settings, the emission rate (pound of pollutant per hour) 
for each pollutant is determined and multiplied by a time 
weighting factor, then divided by a work output term which 
involves the engine thrust for that specific power setting. The 
four terms, one for each power setting, are then added together to 
arrive at the EPAP. The time weighting factor used in the calcu- 
lation is a function of an engine operation cycle established by 
the EPA as being the typical time spent in each operating mode for 
an aircraft with T1 Class engines. 
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For the QCQAT Engine, this T1 Class cycle is defined in 
Table 7-6. 


TAILS 7-6. IPAP Tl CLASS CYCLI 

t 


NOdS 


I Rated Ties 

Power Minutes 


Taxi-Out 

Taxi-Idle 

19.0 

Takeoff 

100 

0.5 

Climbout 

90 

2.5 

Approach 

30 

4.5 

Taxi-ln 

Taxi-Idle 

7.0 


The smoke standard is established as a function of rated 
engine power and represents, approximately, the threshold for 
visible smoke from an engine exhaust. The standard is expressed 
as Smoke Nu-nber (8N) . This value is a function of the amount of 
light reflected from a sample of particulate collected on a piece 
of filter paper that has been exposed to the engine exhaust. The 
higher tha SN, the greater the amount of particulate, and hence, 
the greater the smoke visibility. Smoke measurements are made at 
the same four power settings as the gaseous emission test. The 
highest SN of the four power settings is considered the smoke 
number for the engine. 

The SPA pollutant standards for Tl Class engines, and also 
the program goals for the QCQAT Engine are listed in Table 7-7. 

TABLE 7-7. SPA POLLUTANT STANDARDS 


Program 

Pollutant Goal 


Unburned Hydrocarbon (HC) 

0.726 ' 
(1.6) 

1 

Carbon Monoxide (CO) 

4.26 

f kg/4448 N thrust-hr/cycle 


(9.4) 

i (lb/1000 lb thrust-hr/ 

Oxides of Nitorgen (NO x ) 

1.68 

(3.7) 

cycle) 

Smoke 

38 SN j 



93 


7.2.2 Coabuitot Lln.r T..t Contlaur.tlon 

The combustor lintc used in the QCOAT engine van a Modified 
version of Part 3072674, improved durability burner, which waa 
placad in production for tha TPI731-3 production during tha firat 
part of 1979. Tha QCOAT oonbustor, Part PAP234342, had a row or 
orificaa addad to tha done for uia purpose of saoke reduction. 
Tha fual nosslaa wara production TFB731-3 dual orifice assemblies, 
Part 307 1101*14 • 

Whan gaseous emissions wara being sampled at taxi-idle, tha 
secondary side of tha fuel-flow divider was capped and an air line 
was connected to tha secondary fual Manifold. This air line sup- 
plied high-pressure air to tha nossla tips to aid in tha atoni- 
sation process. Tha air was supplied fro« a laboratory oosipressed 
air source with a supply pressure of 2.066 kPa (300 psig) • After 
passing through a 20-micron filter, tha laboratory compressed air 
was heated by an electric heat exchanger to between 366 and 422K 
(200* and 300 *P) and passed through an air-flow Measuring section. 
This was to sinulate an air assist systeM where the discharge ten- 
perature fron the heat of coMpression for the assist air would be 
similar to air extracted fron the boost eoMpreesor. At ail other 
power settings and for snoke measurement tests, the flow divider 
was reconnected to the secondary circuit and the air assist systen 
was not used. For the eaission neasurenent tests, the engine was 
equipped with s coannular-exhaust nossle. 

7.2.3 

The emissions tests were run during Calibration 1 (Post 
indurance Calibration) and was previously discussed in 
Section 6.0, Paragraph 6.3. Tho BPAFs and the snoke number for 
the QCOAT engine are listed in Table 7-8 with the progran goals. 

TABLE 7-8. QCOAT BPAFS AMO SMOKE NUMBER VALUES. 


Pollutant 

QCOAT 

EPAP8 

Progran 

Goals 

HC \ 

0.726 

0.726 

1 kg/4448 N 

(1.6) 

(1.6) 

1 Thrust-hr cycle 



CO > (lb/1000 lb 

3.36 

4.26 

I Thrust-hr/cycle 

(8.0) 

(9.4) 

N°J 

2.09 

1.68 

A/ 

(4.6) 

(3.7) 

Snoke Number (SN) 

42 

38 
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in order to Met the HC end CO goals, eir-eeeiet at an inlat 
praaaurt of 724 kpa (105 paid) at the taxi-idle power setting waa 
used. Lower air-assist preaaure would have reaulted in higher 
emission index valuea (IX, g/kg fuel) for both HC and CO* Thie 
relationship waa previously shown in figures 5-2 and 6-3. linos 
•ore than 90 peroent of the HC and CO IFAfe valuea are contributed 
by the taxi-idle terns, snail changes in HC and CO eaiaaion index 
values at that power setting result in significant changes in the 
overall NPAfa *or the two pollutants. Test data and corrected SI 
valuea are shown in Table 7-9. 

TAILS 7-9. QCOAT MISSION INDICSS. 



HCSX 

COSX 

NOxS! 

fnoke 

Number 



Hnalne Values 

(o/Kc)* 


Takeoff 

0.18 

2.2 

16.6 

41 

Cl inbout 

0.15 

2.5 

12.8 

42 

Approach 

1.84 

12.5 

6.6 

28 

Taxi-Idle 

5.00 

22.0 

3.1 

10 

Corrected snqjne Values for Model Pressure and Tencerature 

Takeoff 

0.18 

2.2 

17.0 

41 

Climbout 

0.14 

2.3 

14.2 

42 

Approach 

1.70 

13.0 

6.3 

28 

Taxi-Idle 

5.62 

24.7 

2.9 

10 


"Measured at the Model f/A ratios for the individual power 
settings. 


7.2.4 Missions Test Conclusions 

from the test results, the following can be concluded! 

1. The engine met the program goals for HC and CO with the 
use of air assist at taxi-idle. 

2. There was a significant reduction in the engine NO w 
level over the production TfB731-3, but it did not meet 
the program goal. 

3. The smoke number of 42 is in excess of the program goal 
of 38, however, the engine was visually judged to be 

smokeless. 
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7.3 Aggauifl .gftiiigjttiiiUgi 

The acoustic design effort for the QCOAT engine/nacelle 
lyitM directed noise reduction technology toward Minimising noise 
generation at the source, and maximising the attenuation achieved 
through judicious application of nacelle acoustic treatment in the 
fan inlet and exhaust duets. The aooustioal duct liner configura- 
tions were designed to balance the noise suppression at takeoff, 
sideline, and approach conditions. This provides the broadest 
possible attenuation bandwidth without sacrificing significant 
attenuation from optimum at any of the three operating conditions. 

The major acoustic features of the QCOAT engine are illus- 
trated in / igure 7-5. Noise reduction technology was applied to 
three major noise nourcest fan, jet, and core. The fan-noise 
source reduction features includes elimination of inlet guide 
vanes, single-stage fan, low fan-tip speed, low pressure ratio, 
large fan rotor-stator spacing, and optimum fan-olade/sta tor -vane 
number ratio. The jet-noise reduction features include low jet- 
exnaust velocity, and a mixer-compound exhaust system. Core noise 
is minimised by the use of a reverse-flow annular combustor, and a 
highly loaded three-stage low-pressure turbine. 
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Figure 7-5. Acoustical Features of the QCGAT Engine/Nacelle. 
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7.3.i HKtiltJteMftlg ituttiBLJBiiJjn 

The nacelle acoustic treatment design aalactad for tha QCGAT 
angina consiatad of a single-cavity ayataai uaad in series* with 
different cavity daptha in tha axial diraction and equivalent 
daptha on opposing walla* whara poasibla. Bacausa of its struc- 
tural ruggedness* lowar coat* and provan acoustical performance in 
tha above configuration* a perforated-plate* broadband-resonator 
was constructed from aluminum perforated sheet* bonded to 3/8-inch 
call aluminum honeycomb backing. 

Tha acoustic liner installations are shown schematically in 
Figure 7-6. Tha design par ame tars of tha three inlet sections and 
tha threo exhaust sections are given in Table 7-10. Tha inlet 
wall treatment has a length equal to 0.85 mean inlet diameters* 
and was tuned to provide primary suppression at the FAR Part 36 
sideline condition. The fan discharge duct wall treatment has an 
effective length equal to 5.4 times the average duct height and is 
tuned to provide balanced attenuation between the FAR Part 36 
sideline and approach conditions. 

Final optimisation of the engine and nacelle exhaust liner 
design was completed using a computer program based on ax i sym- 
metric mode theory of Minner and Rice (Reference 1). The cavity 
depths and face sheet open areas required to achieve optimum 
attenuation were computed. A summary of the exhaust liner design 
methodology is shown in Figure 7-7. 

The design procedure for the inlet nacelle liners was based 
upon the recent multimodal analysis developed by Rice (Refer- 
ences 2 through 5). A simplified general description of the opti- 
mization procedure is shown in Figure 7-8. The optimization 
criteria was determined by comparing the liner impedance map and 
the optimum impedance map as illustrated schematically in 
Figure 7-9. By selecting a liner-cavity depth and face-sheet open 
area so tuat the liner impedance is in a region where a large 
number of modes cluster* a broad acoustic power attenuation should 
be obtained. A map for each liner section for modes having cut- 
off ratios of 1 to 4 with one-third octave center frequencies of 
1600* 2000* 2500* 3150* and 5000 Hz was constructed. A typical 
map is shown in Figure 7-10. The inlet liners were tuned for 
modes with moderate to small cut-off ratios that radiate energy at 
larger angles from the inlet axis in order to minimize the side- 
line noise radiation. 

7*3.2 Engine Noise Tests 

The QCGAT engine was installed at the San Tan Test Facility 
for acoustical measurements. Noise data at the specified engine 
load conditons were taken to determine the untreated engine noise 
levels* the effect of various combinations of acoustic treatments* 
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Figure 7-6. Nacelle Acoustical Treatment 
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Figure 7-9. Optimum Impedance. 
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and to determine the effect of the mixer -compound nosxle on the 
treated engine signature. The data from this test series was used 
to determine the minimum attenuation configuration required to 
meet QCGAT noise goals, and to determine the static noise levels 
for use in predicting flyover noise levels. 

Figure 7-11 shows the installation of the QCGAT engine with 
the 16 microphone positions utilized for the engine far-field 
noise directivity measurements. A schematic of the noise test 
setup is shown in Figure 7-12. 

In addition to the 16 far field microphone locations, six 
internal noise measurements were made on selected engine test con- 
figurations. The internal noise measurements were conducted using 
three 0.3175-cm (l/8-inch) condenser microphones and three 
0.635-cm (1/4-inch) condenser microphone infinite-tube systems. 
The locations of the internal acoustic probes are given in 
Table 7-11. 

The acoustic data were recorded on two fourteen-channel 
analog tape recorders providing twenty-eight channels of data plus 
a voice track. The six internal microphone outputs were split and 
recorded on both tape recorders. 
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Figure 7-10* Single-Mode Analysis , Section B Inlet Nacelle, 
Takeoff Static Conditions. 

Prior to acoustic testing, all microphones were calibrated 
according to ANSI SI-11-1971. Before each test sequence, a piston 
phone calibration of each microphone was recorded, as well as a 
measurement of the ambient noise level with the engine shut down. 
Individual measurements of ambient temperature, relative 
humidity, wind velocity and direction were made immediately prior 
to testing, or at least each 1/2 hour, whichever was less. All 
tests were conducted within the specified limits oft wind speed 
no more than 9.66 km/hr (6 miles/hour); relative humidity no less 
than 10 percent or more than 90 percent; and ambient temperature 
no less than 5* or more than 30*C (41*F or more than 86*F). 

The far-field acoustic data for all seven configurations 
listed in Table 7-12 were taken with the B&K 4133 microphones 
mounted for normal incidence of the direct sound field at a height 
of 1.52 meters (five feet) above the ground. The first configura- 
tion tested. Configuration 2, was run at takeoff and approach 
power settings an d acoustic data recorded at three individual 
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Figure 7-12. QCGAT Noise Test Setup at San Tan. 


microphone heights t 1.52 meters, 0.762 meters, and ground level - 
10.16 cm (5-feet, 2.5 feet, and ground level - 4 inches). This 
data was used to determine a ground reflection correction which 
was applied to the 1.52-meter (5-foot) microphone data taken for 
all configurations. 

A 3. 66-meter by 3.66-meter (12-foot by 12-foot) movable noise 
shield (barrier) was utilised for Configurations 1 and 5 to aid in 
isolating the inlet (forward) and exhaust (aft) radiated noise 
sources. For these configurations a three-fold test was con- 
ducted: with the barrier shielding the inlet, with the barrier 
shielding the exhaust; and without the barrier. (See Fig- 
ure 7-13.) 

A schematic of the seven test configurations, showing the 
various combinations of acoustic treatments, exhaust nossles, and 
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Item 

1 
2 

3 

4 


6 

7 

8 
9 


TA3LE 7 ~ U - 0OG * T ENG1n E/NACELLE acoustic instrumentation 


Description 


Microphone, B&K4133 
Microphone 0.3175-cm U/8-in.) condenser 
Microphone, 0.3175-c* (1/8-in ) condenser 
Sn; b °- 635 - CT ‘V4-t„., condenser 

inf ini te"tube * «V4-ln., condenser 

Temperature, dry bulb 

Temperature, wet bulb 

Wind velocity and direction 

Pistonphone 


location 

Qty 

Free field 

16 

Fan inlet 

2 

Exhaust nozzle 

1 

LP turbine rear 


bearing support 

■aL 

Exhaust nozzle 

2 

Ambient 

1 

Ambient 

1 

Ambient 

Microphone 

calibration 

1 


TABLE 7-12. ACOUSTIC CALIBRATIONS AND ENGINE CONFIGURATIONS. 


Acouotic 

Calibration 

No. 

Acoustic 

Configuration 

No. 

Engine 

Configuration 

No. 

Descr ipti jn 


1 

1 

IV 

Flight Simulator Lip, 
Mixer-Compound Nozzle, 
Full Acoustic Treatmen 

2 

2 

II 

Flight Simulator Lip 
Coannular Nozzle, Full 
Acoustic Treatment 
(except for hard aft 
panel) 

3 

3 

IV 

Flight Simulator Lip, 
Mixer-Compound Nozzle 
Hardwall Outer Aft 
Panel 

4 

4 

IV 

Flight Simulator Lip, 
Mixer-Compound Nozzle, 
Hardwall Outer, Inner 
Aft Panel, Bypass Duct 
Inlet Duct Panel 

5 

5 

IV 

Flight Simulator Lip, 
Mixer-Compound Nozzle, 
Full Hardwall Nacelle 

6 

6 

V 

Nacelle Lip, Mixer- 
Compound Nozzle, Full 
Hardwall Nacelle 

7 

7 

II 

Flight Simulator Lip, 
Coannular Nozzle, Full 
Hardwall Nacelle 
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inlet lips is shown in Figure 7-14. A series of test points were 
designed to provide: core-noise definition (points 1, 2 and 3), 
FAR Part 36 simulated noise-certification conditions of approach, 
cutback, and takeoff (points 5, 7, and 8). and intermediate power 
points (points 4, and 6). Simultaneous two-minute recordings of 
internal-probe data and far-field microphones were made for Con- 
figurations 1 and 5. Copies of these tapes were sent to NASA- 
Lewis for cross-correlation analysis to separate core and jet 
noise sources. 

The acoustic data for each test configuration were analyzed 
using the instrumentation system shown in Figure 7-15. The 
resultant one-third octave sound pressure level spectra were 
transmitted to the CYBER 174 computer to be corrected for atmo- 
spheric absorption and ground reflection. This automated data 
analysis system is ouclined in Figure 7-16. 

7.3.3 Ground-Reflection Analysis 

To correct the measured acoustic data to free-field condi- 
tions, the contribution of the acoustic ground-reflection wave 
must be removed from the measured value. A major factor in the 
analytical determination of the ground-reflection contribution is 
the acoustic impedance of the ground (soil) boundary. The type of 
desert soil at the San Tan test site consists of a random combi- 
nation of hard-packed clay, sand, and decomposed granite part- 
icles. No known data exists on the impedance of this type of soil. 
Thus, it was decided to estimate the impedance of the San Tan soil 
boundary by recording the QCGAT acoustic data at three pre- 
selected microphone heights: 1.52m, 0.76m and 10.16cm (5 ft., 
2.5 ft, and 0.33 ft.) for certain operating conditions and corre- 
lating the data to obtain a reasonable prediction for the surface 
impedance. 

The terrain around San Tan Cell No. 5 slopes downward from 
the engine pad so that the ground locations upon which the micro- 
phones were placed are at an average elevation of 1.13 meters 
(3.7-ft.) below that of the engine pad. Although QCGAT engine 
centerline was 2.29 meters (7.5 — ft. ) above the pad, the difference 
in elevation placed it an average of 3.41 meters (11.2-ft.) above 
the ground at the microphone locations. 

The ground reflection geometry model used in the analysis is 
shown in Figure 7-17. For the distances associated with the QCGAT 
tests, the angle 4 > is sufficiently small (0.1148 to 0.1606 
radians) that near-grazing incidence should be assumed. At these 
conditions, and assuming the ground to be locally reacting, the 
velocity potential at the microphones can be given as: 
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Figure 7-15. 
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Figure 7-16. Automated Data Analysis System Flow Chart, 
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Figure 7-17. Ground Reflection Correction Model. 


ikR x ikR 2 


*' ^-R]- + < R p + F ‘i'V 1 

The plane wave reflection coefficient, R , is defined as: 

r 

sin0 - Z 1 /z 2 
R p 3 sin^ + Z i/ Z 2 

and the impedances are: 

Z. * PC„ for air, and 
loo 

Z 2 = R + ix for the ground. 

The boundary-loss factor, F, is a part of the ground wave repre- 
sentation and is a complex function of a complex argument, w, 
i.e. : 


-w 


F(w) * 1 + 2 i w e f 

-iv/w 


-u 2 du 


For the locally reacting case, w, the "numerical distance" is 
assumed to be: 
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w * 


ikR 2 < Z 1 /Z 2 + eint /)) 2 

”2 (i+Zj/z,, 8in</>) 


From , the source strength of the image, or reflected wave, is: 

Q *= R + F ( 1 — R ) 

P P 

The velocity potential can be approximated by: 

ikR, 

c 


e ik * R ] 

R 1 R 2 


Thus, setting Q * /Q/e 10 , the excess attenuation due to ground 
reflection, in one-third octave bands, is: 


Ae £ = 10 log 10 


1 + 


l Q i! 


[Q.| sin (MARA^cos (*?AR/A 


,2 


R' 


mar/a 


+ ^ i )" 

1 - 


where: 

V 

M 

Ai 


f i 


Afi 


2 ttI + (Af./2f .) 
2rrAf ./2f. 


1/2 


c/f i 

center frequency of ith 1/3-octave band 
frequency range of ith 1/3-octave band 


R' 


V R i 


The above methodology for predicting the excess attenuation 
of ground reflections is contained in an AiResearch computer pro- 
gram and was used to establish the average ground impedance at San 
Tan and the ground-reflection corrections to be applied to the 
measured data. References 6 through 13 were reviewed extensively 
in the preparation of this methodology. 

The impedance correlation procedure used is outlined as 
follows: 


Measured data for test CF208 at all three 
heights and all 16 array angles were used 
final San Tan soil impedance estimates. 


microphone 
to obtain 
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1. 


2. From previously published data, an initial normalized 
impedance array was assumed (R//>c and X/pc versus fre- 
quency) 

3. The excess attenuation, A , was computed for each 
microphone height and corrected SPL (SPL ) spectra 
were determined. 

4. A 3-way difference scheme was used to calculate the 
differences between the 3 corrected spectra at each 
1/3-octave band. 

5. Iterations were performed on the values of R/p c and 

X/p c until all differences approached zero (steps 3 
and 4, above). The convergence criteria was based 

upon the values of average differences at each 1/3-octave 
band. When reasonable values of impedance failed 
to provide convergence at a 1/3-octave band, the two 
microphone heights furthest away from a null frequency 
were used and convergence was then obtained. 

6. Inasmuch as the convergence criteria was based only 

upon average differences, observations of individual 
differences were then made, and minor adjustments 
to the normalized impedance were performed to estab- 

lish the final impedance values given in Figure 7-18. 

7. Excess attenuation 1/3-octave oand spectra were com- 

puted for the 3 microphone heights, based upon the 
final ground impedance estimates. See Figure 7-19. 

8. These A spectra then were applied to the CF208 mea- 
sured data for all 3 microphone heights and comparison 
plots were prepared at representative array angles, 
as shown in Figures 7-20 through 7-23. 

9. Acoustic measurements were also made at the 3 micro- 
phone heights for another QCGAT operating condition, 
CF205. To check the relative validity of the ground 
reflection correction procedure, the A spectra were 
applied to the CF205 data and comparison plots of 
the corrected data again were made. The correlation 
of the CF205 corrected data was shown to be consistent 
with that of the CF208 corrected data. 

The ground correction procedure was used to correct all 
of the data taken with the microphones located 1.52m (5 ft.) 

above the ground. Figures 7-24 through 7-31 are plots of the 
raw and corrected spectra for acoustic configuration 5, (hardwall 
mixer configuration) at takeoff and approach conditions at the 
0.873-, 1.571-, 2.269-, and 2.618-radian (50-, 90-, 120-, and 
150-degree) far-field locations. 
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Figure 7-22. Measured Data, Acoustic Configuration No. 2, 2.618 
Radian (150-Degree) Position. 
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Figure 7-23. Corrected Data, 18,630 Rpm N^, 2.618 Radian (150 
Degree) Position. 
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Figure 7-24. Corrected Versus Raw Data, Code Point CF508, 0.873 
Radian Position. 
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Far-Field 16-Mike Array, 30.48 m (100 ft) Radius, 
Mike Height 1.5 m (6 ft) 1.571 rad (90°) 
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Figure 7-25. Corrected Versus Raw Data, Code Point CF508, 1.571 
Radian Position. 
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-27. Corrected Versus Raw Data, Code Point CF508, 2.618 
Radian Position. 
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Figure 7-28. Corrected Versus Raw Data, Code Point CF505, 0.873 
Radian Position. 
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Figure 7-31. Corrected Versus Raw Data, Code Point CF505, 
Radian Position. 
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Because of the relative nonuni formi ty of the ground condi- 
tions at the San Tan QCGAT test site, it is highly probable 
that the actual ground impedance was different at each micro- 
phone location. Improved ground reflection correction spectra 
might have been obtained by determining a separate ground impe- 
dance at each microphone location. However, this would entail 
the use of a large amount of additional test data and appeared 
to be beyond the scope of the work statement. It was also felt 
that the overall benefits of establishing individual impedance 
models at each microphone location would be minimal when pro- 
jected to flyover conditions. 

It is recommended, however, that statistical methods be 
applied to any future determination of ground impedance when 
the acoustic data has been obtained over nonuniform ground condi- 
tions. 


7.3.4 Noise Source Correlations 


A primary objective of the QCGAT acoustic program is to 
determine flyover noise levels based on static engine data, 
and to demonstrate that these noise levels meet the program 
goals that have been set well below current technology aircraft 
levels. To accomplish the above objectives, a methodology was 
derived to: predict major component noise sources; adjust the 
individual sources based on static data; and project these sources 
to the flight condition. 

The analytical tools used by AiResearch to predict the 
QCGAT noise sources are presented in Table 7-13. The prediction 
procedures for fan noise, corenoise, and jet noise are based upon theNASA 
ANOPP recommended procedures, with empirical modifications based 
upon TFE731 acoustic data. The turbine noise is predicted using a method 
developed by General Electric. 

A comparison of predicted noise sources based upon these pre- 
diction procedures and measured data is shown in Figure 7-32. The 
fan noise prediction agrees well with the measured data with a 
slight overprediction of the blade passing harmonic. However, the 
measured low-frequency noise, particularly from 160 Hz to 2500 Hz, 
is higher than predicted jet and core noise. In order to account 
for this, it is necessary to make assumptions for the apportion- 
ment of the jet and core to the total noise signature. Two 
approaches were used and are shown in Table 7-14: The first model 
attributed the difference between predicted and measured noise in 
the 50- to 2500-Hz frequency range to the jet. Jet noise was 
adjusted accordingly on an average delta basis. The second model 
assumed jet noise predictions were valid, and adjusted the core 
noise to exactly match the measured data. Both models adjusted 
the fan and turbine noise to exactly match the measured levels in 
the appropriate frequency range. 
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TABLE 7-13. QCGAT ENGINE NOISE PREDICTION PROCEDURE 


Major Component Noise Sources Predicted 
o Fan Inlet Noise - Discrete, Broadband, Buzz Saw 

o Fan Discharge Noise - Discrete, Broadband 

o Jet Noise 

o Combustion Noise 
o Turbine Noise 
o Total Noise 


NOTE: 

One- third octave spectra from 50 to 16,000 Hertz 
Directivity angles from 10 to 160 degrees from inlet Cj^ 

♦Modified by AiResearch 


Prediction Method 

NASA TMX-71763* 
FAA-RD-7 1-73* 

NASA TMX-71763* 

NASA TMX-73552 

NASA TMS-71627 

AIAA 75-449 

Sum of Individual 
Component Noise 
Levels 


SOUND PRESSURE LEVEL 
IN DB RE .0002 MICROBAR 


SOFTWALL MIXER TAKEOFF CONDITION 2.269 RADIANS (120°) 



ONE-THIRD OCTAVE BAND CENTER FREQUENCY, HZ 


Figure 7-32. Comparison of Measured and Predicted 
Noise Levels Before Correlation. 
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TABLE 7-14 


NOISE PREDICTION METHODOLOGY COMPARISON 


Excess Jet Model 


Excess Core Model 


o TFE731-3 Acoustic Baseline 

o Jet Noise Based on NASA 

Method Adjusted to Fair 
Through Low-Frequency 
Data 

o Core Noise Based on NASA 

Method 

o Fan Discrete, Broadband, 

and Buzz Saw Adjusted to 
731 Data 

o GE Turbine Noise Method 


o TFE731-3 Acoustic Baseline 

o Jet Noise Based on NASA 

Method 

o Core Noise Defined as 

Difference Between Mea- 
sured and Predicted Sun 
of Jet, Fan, Turbine in 
50-2500 Hz Frequency Bands 

o F 'it Inlet and Fan Dis- 

charge Defined as Differ- 
ence Between Measured and 
Predicted Sun of Jet, 

Core, Turbine in 3150- 
10,000 Hz Bands 


o GE Turbine Noise Method 

o The same flight profile, static-to-f light corrections, and wing shielding 
model was used for both cases. The ground correction aodels were compared 
and found to be in good agreement. 


A schematic of the acoustic analysis system is shown in 
Figure 7-33. The measured data were shipped to the CDC CYBER 174 
computer from the noise lab and processed through program ALAB. 
A general purpose data reduction program (SPL) corrected the 
data files for ground reflection and FAA 25*C ( 77 *F) day condi- 
tions. Using the actual cycle performance for each acoustic data 
point, (see Table 7-15) the* free-field noise source levels were 
predicted using program GTEN5 . A new program called NASADELTA was 
written to compare the predicted and measured noise levels and 
generate delta spectra for each source. Two versions of this pro- 
gram were written based upon the two methodologies discussed pre- 
viously. Program GTEN5 was used a second time to predict the 
noise sources for the flight condition. For comparative purposes, 
the initial Definition and Characteristics (DaC) values for the 
cycle parameters are listed with the final program results in 
Table 7-16. These predictions were then adjusted in program 
NASADELTA with the delta spectra determined from the ground static 
data. 


An example of the jet noise dominated correlation is shown in 
Figure 7-34, for the softwall mixer at 2.09 radians (120 degrees) 
at takeoff condition. The average delta from 50 to 2000 Hz is 
applied to each frequency to produce a modified jet noise predic- 
tion that fits the low frequency data. Core noise is predicted to 
be well below the jet noise at both takeoff and approach condi- 
tions with this model. Above 2000 Hz, the fan noise discrete and 
broadband noise is adjusted to exactly fit the data. Turbine 
noise contributions were unimportant except in the high-frequency 
range above 12,500 Hz, out of the range of int- rest for perceived 
noise level calculations. Correlations of this sort were made 
for each far field angle from 0.17 to 2.79 radians (10 to 
160 degrees) . 

The same set of acoustic data is shown in Figure 7-35, 
with the core noise dominated source correlation. The jet noise 
prediction is considerably below the measured data from 200 
to 2000 Hz. The excess noise was attributed to the core as 
shown. The fan noise was determined as the difference between 
the measured total and the predicted sum of jet, core, and tur- 
bine in the 3150 to 10,000-Hz bands. 

7.3.5 Aco u stic Comparisons of Static Data 

The corrected data for each acoustic configuration tested 
were compared on a tone-corrected perceived noise level (PNLT) 
basis. This established trends and illustrates the level compari- 
sons with equivalent TFE731-3 takeoff- and approach-static data. 
The results of these comparisons are tabulated in Tables 7-17 and 
7-18. 
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TABLE 7-15. QCGAT ENGINE KEY 

ACOUSTIC PARAMETERS. 



Simulated Static 
Condition, 48 

Test 

V 

Engine Parameter 

Takeoff 

Approach 

Engine Net Thrust, N (lbs) 

16,098 

(3619.0) 

7019.0 

(1578.0) 

Fan Rotor Speed, rad/s (rpm) 

913.6 

(8726.0) 

634.8 

(6063.0) 

Fan Pressure Ratio, Tip 

1.41 

1.18 

Fan Tip Relative Mach Number 

1.17 

0.79 

Fan Blade Passage Frequency, Hz 

5236.0 

3638.0 

Fan Weight Flow, kg/s (lbs/sec) 

61.7 

(136.1) 

42.4 

(93.5) 

Core Weight Flow, kg/s (lbs/sec) 

11.6 

(25.5) 

6.2 

(13.6) 

Mixer Exhaust Velocity, m/s (ft/sec) 

257.9 

(846.0) 

166.1 

(545.0) 

Mixer Exhaust Total Temperature, K (°R) 

406.0 

(732.3) 

366.0 

(658.6) 

LP Turbine Rotor Speed, rad/s (rpe.) 

1941.5 

(18543.0) 

1348.9 

(12883.0) 

Turbine Last Stage Rel. Tip Mach No. 

0.472 

0.349 

Turbine Last Stage Pressure Ratio, T-S 

1.61 

1.22 
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TABLE 7-16. QCGAT ENGINE KEY ACOUSTIC PARAMETERS. 


PAR Part 36 Certification Condition 


Takeoff Sideline Approach 


Engine Parameter 

Final 

DAC 

Final 

DAC 

Final 

DAC 


Engine net thrust, N (lbs) 

12,869.7 

12,868.7 

13,317.9 

13,269.0 

4,639.5 

<• 639.5 


(2,893.0) 

(2,893.0) 

(2,994.0) 

(2.983.0) 

(1.043.0) 

(1,043.0) 

Fan rotor speed, rad/s (rpn) 

9S8.9 

943.8 

954.8 

936.5 

641.4 

651.1 


(91S9.0) 

(9014.0) 

(9119.0) 

(8945.0) 

(6126.0) 

(6219.0) 

Fan pressure ratio, tip 

1.44 

1.47 

1.43 

1.45 

1.16 

1.17 

Fan tip relative Mach nuaber 

1.22 

1.20 

1.20 

1.18 

0.78 

0.79 

Fan blade passage Frequency, Hz 

S495.0 

5408.0 

5471.0 

5367.0 

3677.0 

3731.0 

Fan weightflow, kg/s (lbs/sec) 

60.1 

59.5 

62.4 

62.4 

44.8 

43.1 


(132.4) 

(131.1) 

(137.6) 

(137.6) 

(98.7) 

(94.9) 

Core weightflow, kg/s (lbs/sec) 

11.4 

11.5 

11.9 

11.9 

6.0 

6.3 


(25.2) 

(25.4) 

(26.3) 

(26.3) 

(13.7) 

(13.9) 

Mixer exhaust velocity, n/s (ft/sec) 

285.3 

287.1 

284.4 

282.9 

175.9 

173.4 


(936.0) 

(942.0) 

(933.0) 

(928.0) 

(577.0) 

(569.0) 

Mixer exhaust total teaperature, K (*R) 

430.3 

428.3 

434.8 

430.8 

381.2 

381.7 


(772.3) 

(771.3) 

(780.8) 

(776.3) 

(686.7) 

(600.3) 

LP turbine rotor speed, rad/s (rpn) 

2,037.7 

2,005.4 

2,028.9 

1,990.1 

1.363.3 

1.303.7 


(19,463.0) 

(19,154.0) 

(19,378.0) 

(19.007.0) 

(13,021.0) 

(13.216.0) 

Turbine last stage rel tip Mach no. 

0.467 

— 

0.465 

— 

0.356 

— 

Turbine last stage pressure ratio, T-S 

1.70 

— 

1.69 

— 

1.26 

— 


SOUND PRESSURE LEVEL IN OB RE -0002 MI 


CF108 111483216 QCOPTSNl 

80FTWALL MIXER 111478 


m 8T0 DKY KTH KM COKKCCTIQNIIKC KRK8M) 



KAN FIELD It MIKE ARRAY. 30.8 m (100 FT) RADIUS, 
MIKE HEIGHT m <6 FT), IAN TAN CELL B, SOURCE 
HEIGHT m IT FT) 

JIT NOISE DOMINATED CORRELATION METHOD 


Figure 7-34. Jet Noise Dominated Correlation, Softwall 
Mixer, 2.269-Radian (120-Degree) Position. 
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SOUND PRESSURE LEVEL IN OB RE .0002 M 


CF108 111483216 

SOFTWALL MIXER 
FfW STD Oflr fiTn RB5 CORRECT tOMtSRE RRF866) 
o OROWO REJECTION CORRECTION SRNTRN 


OCGhTSNI 

111478 


4 S 6 78910* 2 3 <5e 789‘l0' 2 3 4 5 67$910 

ONE THIRD OCTAVE BAND CENTER FREQUENCY, HZ 


FAR FIELD 16 MIKE ARRAY. 30.S m (100 FT) RADIUS, 
MIKE HEIGHT m (S FT), SAN TAN CELL 5, SOURCE 
HEIGHT m (7 FT) 

CORE NOISE DOMINATED CORRELATION METHOD 


ORIGINAL PAGE IS 
Of POOR QUALITY 


Figure 7-35. Core Noise Dominated Correlation, Softwall 
Mixer, 2.269-Radian (i?Q-Degree) Position. 
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TABLE 7-17. ACOUSTIC COKPARISOUS - TAKEOFF PKLT. 






QCGAT 

Configuration No. 



Dun Q 


Radian (° ) 

1 

2 

3 

4 

5 

6 

7 

run j ( 

TFE731-3 

[ 

t 

0.175 (10°) 

115.0 

118.7 

113.7 

117.6 

116.5 

116.3 

118.8 

120.3 

i 

0.349(20°) 

117.0 

115.8 

113.0 

115.8 

114.7 

116.0 

118.3 

118.3 

> 

V. 

-5 

0.524 (30°) 

114.2 

116.6 

115.2 

116.6 

115.6 

115.0 

117.2 

121.5 

1 


0.693 (40°) 

112.1 

113.5 

113.1 

114.7 

116.1 

114.5 

118.0 

121.7 


0.873 (50°) 

113.2 

114.1 

115.4 

117.9 

116.9 

116.7 

117.3 

121.7 

r 

1.C47 (60°) 

114.7 

114.9 

114.8 

117.7 

115.8 

116.3 

120.5 

121.5 

, 

V 

1.222 (70°) 

112.4 

116.5 

114.1 

117.5 

118.3 

117.0 

118.9 

122.5 


1.396 (80°) 

113.0 

116.8 

115.5 

119.3 

117.7 

117.0 

119.8 

122.1 


1.571(90°) 

116.4 

115.2 

117.3 

119.1 

119.9 

11 , 

117.2 

121.8 

1 ; 

1.745 (100°) 

116.4 

117.6 

116.9 

120.2 

123.3 

122.3 

122.0 

121.9 


1.920 (110°) 

118.2 

118.8 

120.1 

121.5 

121.0 

122.4 

121.2 

123.3 

I 

2.094 (120°) 

120.5 

119.4 

121.2 

121.4 

122.3 

121.7 

122.9 

125.0 

F 

2.269 (130°) 

117.1 

118.8 

117.7 

119.0 

119.7 

118.7 

119.8 

123.7 

i 

2.4.43 (140°) 

115.9 

118.7 

117.7 

117.7 

118.4 

117.4 

118.4 

124.4 


2.618 (150°) 

115.9 

118.0 

116.3 

115.9 

117.7 

117.0 

119.2 

127.0 


2.743 (160°) 

112.5 

119.2 

115.9 

— 

117.3 

116.2 

118.3 

127.6 
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TABLE 7-18. ACOUSTIC COMPARISONS - TAKEOFF PNLT. 


QCGAT Configuration No. 


Angle 
Radian (° ) 

1 

2 

3 

4 

5 

6 

7 

Run 14 
TFE731-3 


0.175 (10°) 

107.5 

107.8 

107.0 

107.9 

109.3 

108.7 

109.9 

111.5 

0.349 (20°) 

107.4 

107.9 

107.0 

107.9 

109.8 

110.8 

110.0 

113.1 

0.524 (30°) 

105.3 

107.5 

105.4 

110.6 

108.1 

108.1 

108.2 

110.7 

0.698 (40°) 

105.1 

106.0 

105.4 

109.0 

107.5 

109.1 

109.7 

111.7 

0.873(50°) 

106.3 

107.0 

105.7 

110.5 

109.7 

110.6 

109.4 

112.4 

1.047 (60°) 

104.8 

104.8 

103.3 

107.3 

108.3 

109.3 

109.2 

111.7 

1.222(70°) 

105.5 

103.9 

103.2 

107.4 

108.0 

109.3 

110.6 

114.2 

1.396 (80°) 

103.1 

104.1 

103.4 

108.1 

109.3 

109.5 

109.6 

115.3 

1.571(90°) 

103.8 

103.3 

104.8 

110.3 

107.3 

108.4 

110.0 

114.7 

1.745(100°) 

104.8 

106.6 

105.7 

110.4 

x09.4 

109.1 

114.5 

114.5 

1.920 (110°) 

105.1 

107.3 

107.1 

108.0 

109.4 

109.9 

110.3 

113.4 

2.094 (120°) 

105.7 

107.5 

107.9 

109.0 

109.3 

110.0 

111.0 

113.5 

2.269 (130°) 

105.5 

107.0 

105.6 

110.3 

111.6 

112.2 

110.2 

113.2 

2.443 (140°) 

102.8 

104.0 

103.4 

107.1 

107.9 

108.4 

107.4 

112.2 

2.618(150°) 

102.4 

102.6 

103.7 

104.2 

106.2 

104.9 

107.5 

112.6 

2.793(160°) 

98.6 

101.9 

100.8 

— 

105.4 

105.0 

105.3 

113.5 










Comparison of configurations 1, 3, 4, and 5 shows the effect 
of successively replacing softwall nacelle panels with hardwall 
panels. Configurations 2 and 7 are coannular nozzle exhaust 
systems and are significantly louder (particularly at takeoff 
power) at angles near the jet-exhaust centerline. 

As previously noted, the aft barrel with the outer-aft panel 
is removed when the coannular nozzle system is installed. Thus 
the final acoustic-treatment panel is not used with Calibrations 2 
and 7 (Configurations II and 111). A comparison of config- 
uration 5 and 6 shows that the inlet-nacelle lip and flight- 
simulator lip noise levels are quite similar on a PNLT basis. 

Note that all the QCGAT configurations are significantly 
quieter than the TFE731-3 Engine, a current quiet business-jet 
engine. A comparative plot of the hardwall coannular configura- 
tion verses the TFE731-3 at takeoff condition is shown in 
Figure 7-36. A similar plot for the approach static condition is 
presented in Figure 7-37. A one-third octave spectral comparison 
at the 2.618-radian position (150°) from the inlet axis is pre- 
sented in Figure 7-38. 

A spectral comparison of the QCGAT mixer versus the QCGAT 
coannular nozzle for the hardwall nacelle configuration at the 
2.618-radian position (150°), takeoff static condition is shown in 
Figure 7-39. At 200 Hz, the mixer is about 7 dB quieter than the 
coannular nozzle. Note, however, that there are peaks at 1600 and 
2500 Hz with the mixer being 2- to 3-dB higher at these frequen- 
cies. Note that the mixer nozzle is about 7 dB higher at these 
frequencies. The source of these tones were investigated in 
detail, including some cross-correlation analysis at NASA. The 
results of this investigation revealed a high correlation between 
internal core noise and the far-field noise levels at certain dis- 
crete frequencies, primarily centered around 250 Hz and 2500 Hz. 
This led to the development of a new noise-source correlation 
attributing this excess noise to core noise. 

Comparisons of treated versus hardwall spectra for the mixer 
nozzle and coannular nozzle configurations at approach static are 
shown in Figures 7-40 and 7-41. A broad attenuation was achieved, 
particularly at angles from 0.873 to 1.571 radians (50 to 90°) 
indicating attenuation of the desired low cut-off ratio modes. 

7.3.6 Flyover Prediction Procedure 

Calculated flyover noise levels for the QCGAT engine were 
based upon the adjusted noise sources obtained from correlating 
the predicted noise source levels with the measured corrected 
noise levels. The comparisons yielded a set of correction spectra 
for each noise source at all the engine operating conditions. 
Each spectrum was identified by two characteristic aeroacoustic 
parameters as listed in Table 7-19. 
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Figure 7 - 38 . TFE731-3 Acoustic Data Compared to QCGAT Untreated 

Coannular Nozzle Configuration. 


145 


CF108C 111483216 QCGAT 

PCF208C 11138322 111478 

FRA 3 TO OAT ATM AB8 CORRECT I ONI 8AE RRP866) 



QCGAT COMPOUND-MIXER NOZZLE DATA 

QCGAT COANNULAR NOZZLE DATA 


Figure 7-39. Compound-Mixer Nozzle Acoustic Data Compared to 
Coannul ar uata. 
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Figure 7-40. QCGAT Untreated Mixer -Compound Nozzle Data Compared 
to Treated Mixer -Compound Data. 
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Figure 7-41. QCGAT Treated Coannular Nozzle Data Compared to 
Untreated Coannular Data. 
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TABLE 19. CHARACTERISTIC AEROACOUSTIC PARAMETERS. 


Noisa Source 


Aeroacoustic Parameters 


Fan Xnlat and Exit 

Combustor 

Turbina 

Jet 


Fan blade passage frequency, pressure 
ratio 

Max flow rate, temperature rise 

Turbine blade passage frequency, tem- 
perature ratio 


1 W r .»b' 


" 57 ^ 


Effective* 


*V 


eff 


■ v iet <^W V 


let' 


The component noise sources for the flyover conditions were 
analogically predicted, and the appropriate correction spectra for 
each noise source, based upon the key aeroacoustic parameters, were 
applied to the predicted flyover-noise levels. The result was a 
static-data-flyover noise prediction at the given FAR Part 36 
condition. The resultant noise sources were "flown" using the 
GTENFLY program. A block diagram of this program is given in 
Figure 7-42. The locations for the takeoff, approach, and side- 
line noise prediction, as well as the QCGAT noise goals for each 
condition are presented in Figure 7-43. 

7.3.7 Flyover Calibration with Measured Learjet Data 

The adjusted noise sources were taken to flight conditions 
with corrections for distance, atmospheric attenuation, jet rela- 
tive velocity and dynamic amplification effects, fan inlet 
cleanup, doppler effects, wing shielding, and ground effects as 
detailed in the flyover prediction procedure. 

For each flyover condition, takeoff, sideline, and approach, 
the SPL, PNL , and PNLT were calculated for each 1/2 second of the 
flight trajectory. The duration time, duration correction and 
EPNL for each source and the total EPNL were calculated in accord- 
ance to FAR Part 36 procedures. 

Based upon static data comparisons, the QCGAT engine demon- 
strated substantial reductions in noise compared to the quiet 
TFE731-3 engine, which powers the Learjet 35/36 aircraft certified 
to be 5 EPNdB below the FAR Part 36 Stage 3 noise limits. How- 
ever, the initial QCGAT flyover predictions based upon the previ- 
ously described methodology yielded noise levels comparable to the 
measured Learjet flyover noise levels. A flyover noise calibra- 
tion procedure was thus developed, and is outlined in Figure 7-44. 


149 




Figure 7- 42. QCGAT Flyover Noise Prediction Procedure. 
















Figure 7-43. QCGAT Flyover Noise Goals at Specified Noise Points. 




Figure 7-44. Flyover Noise Prediction Calibration Procedure 



A comparison of the predicted and measured in-flight spectra 
for the Lear jet 35/36 based upon the jet dominated model is shown 
in Figure 7-45. Although the static noise predictions are 
adjusted to agree with the static noise levels, when taken to 
flight the predictions are higher than the measured certification 
noise levels. The overprediction is primarily in the low fre- 
quency, jet dominated range. At the takeoff condition, the pre- 
dicted flyover EPNL is 88.7 EPNdB compared to a measured value of 

84.0 EPNdB. Similar deltas between predicted and measured flyover 
noise levels were observed for approach and sideline conditions. 
Adjusted QCGAT flyover noise predictions were made by applying the 
Learjet deltas discussed above. 

A second set of flyover noise predictions for the Learjet 
certification tests was made based upon the core noise dominated 
model. The static TFE731-3 data correlation at takeoff condition 
at 2.094 radian (120 degrees) is shown in Figure 7-46. The 
resultant flyover predictions at takeoff condition based upon this 
method are also shown in Figure 7-46. The predicted levels are 
even higher than those based upon the previous model; this is 
primarily due to the assumed dominance of core noise for which 
beneficial in-flight reductions are not applied. 

Table 7-20 and 7-21 compare the predicted component noise 
sources and the predicted total with the measured flyover levels 
for the takeoff and approach conditions for both methods. The 
individual noise . sources cannot be compared directly because the 
flight-path position for which the maximum tone corrected per- 
ceived noise level occurs is not the same, resulting in a differ- 
ent composition of noise sources. This shift in location of the 
maximum PNLT prevents the use of an inflight spectral delta array 
to match the measured data as shown in Figure 7-47. The jet and 
core noise spectra were reduced so that the total predicted 
spectra matched the measured spectra at the point of maximum PNLT. 
However, when the adjusted predictions were flown over the EPNL 
was still 1.6 EPNdB higher than the measured takeoff EPNL. The 
spectral correction approach was thus abandoned in favor of a 
single EPNdB delta applied to the QCGAT predictions. 

A comparison of the unadjusted QCGAT coannular nozzle hard- 
wall nacelle configuration predictions with the TFE731-2 predic- 
tions is shown in Table 7-22 at takeoff conditions. The unad- 
justed and adjusted flyover noise predictions based on the NASA 
core noise dominated model are given in Table 7-23. The QCGAT 
mixer flyover predictions at takeoff, approach, and sideline are 
presented in Table 7-24 for both the excess jet noise and excess 
core noise models. Each method, with its appropriate adjustment 
for the difference between predicted and measured Learjet level 
yieids similar results, indicating the QCGAT engine to be 

2.0 EPNdB below the sideline noise goal, 4. 6-5. 4 EPNdB below the 
approach noise goal, and from 0.2 EPNdB below to 1.4 EPNdB above 
the takeoff noise goal. 
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Figure 7-45. Comparison of Predicted Spectra Using Jet Noise 

Dominated Correlation Method with Measured Spectra 
at the Point of Maximum PNLT for the Learjet 35/36 
at Takeoff Conditions. 
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Figure 7-46. TFE731-3 Takeoff Static Comparison at 2.094 Radians 

(120°) Using Core Noise Dominated Correlation Method. 
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TABLE 7-20. TFE731-2/LEAR 36 FLYOVER NOISE COMPARISON 


Takeoff at 990.6m (3250 Ft.) Altitude 


EPNL , EPNdB 


Jet Noise Dominated Core Noise Dominated 

Noise Source Prediction Prediction 


Fan Inlet 

78.8 

56.5 

Fan Discharge 

66.1 

63.5 

Combustion 

67.6 

89.9 

Jet 

86.4 

85.4 

Turbine 

42.3 

54.2 

Total 

88.7 

90.8 

Predicted-Measured 

+4.7 

+6.8 


TABLE 7-21. TFE7 3 1-2/LEAR 36 FLYOVER NOISE COMPARISON. 


Approach 

At 120.1m (394 Ft.) Altitude 



EPNL, 

EPNdB 


Noise Source 

Jet Noise Dominated 
Prediction 

Core 

Noise Dominated 
Prediction 


Fan Inlet 

73.5 


89.8 

Fan Discharge 

93.9 


92.4 

Combustion 

79.1 


94.0 

Jet 

81.0 


91-8 

Turbine 

81.7 


79.7 

Total 

95.9 


98.6 

Predicted-Measured (92. 

2) +3.7 


+6.4 
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TABLE 7-22. QCGAT COANNULAR NOZZLE VERSUS TPE731-2 
FLYOVER NOISE AT TAKEOFF CONDITIONS. 


EPNL, EPNdB 

Noise Source QCGAT TFE731-2 A (QCGAT-TFE7 31-2 ) 


Fan Inlet 

62.0 

56.5 

+5.5 

Fan Discharge 

62.7 

63.5 

-0.8 

Combustion 

83.9 

89.9 

-6.0 

Jet 

83.5 

85.4 

-1.9 

Turbine 

57.8 

54.2 

+3.6 

Total 

86.6 

90.8 

-4.2 


NOTE : 

Predictions made with core noise correlation. 
QCGAT levels based on hardwall coannular nozzle 
configuration. 


TABLE 7-23. QCGAT EPNL PREDICTIONS. 

Final QCGAT flyover predictions based on the core noise 
procedure. 

correlation 


EPNL, 

EPNdB 

Configuration FAA Part36 Condition Unadjusted 

Adjusted 



Hardwall 

Mixer 

Takeoff 

83.1 

76.0 



Sideline 

89.0 

81.7 



Approach 

91.0 

84.5 

Sof twall 

Mixer 

Takeoff 

81.7 

74.7 



Sideline 

87.6 

80.3 



Approach 

88.5 

81.9 

Hardwall 

Coannular 

Takeoff 

86.6 

79.8 



Sideline 

92.0 

85.2 



Approach 

95.3 

88.9 

Sof twall 

Coannular 

Takeoff 

87.6 

80.8 



Sideline 

92.7 

85.9 



Approach 

92.0 

85.6 


158 


159 


TABLE 7-24. QCGAT FLYOVER NOISE SUMMARY 


EPNL, EPNdB 


Jet Noise Dominated Core Noise Dominated QCGAT 

Configuration Prediction Method Prediction Method Goal 





With 

Lear 

A 

With 

Lear A 


Hardwall 

Mixer 

Takeoff 

79.3 

74.6 


83.1 

76.3 



Sof twall 

Mixer 

Takeoff 

77.8 

73.1 

(-0.2) 

81.7 

74.9 

(+1.6) 

73.3 

Hardwall 

Mixer 

Approach 

88.2 

84.5 


91.0 

84.6 



Sof twall 

Mixer 

Approach 

86.4 

82.7 

(-4.6) 

88.5 

82.1 

(-5.2) 

87.3 

Hardwall 

Mixer 

Sideline 

85.7 

81.7 


89.0 

82.2 



Sof twall 

Mixer 

Sideline 

84.3 

80.3 

(-2.0) 

87.6 

80.8 

(-1.5) 

82.3 


7.3.8 Final Flyover Predictions for the QCGAT Engine 


The predicted f lyover-noise levels for the QCGAT powered air- 
craft at the FAR Part 36 conditions of takeoff (no cutback) , side- 
line, and approach for each separate noise source and the total 
noise for both the hardwall and acoustically treated mixer nozzle 
configurations are shown in Tables 7-25 through 7-30. In addition 
to the effective perceived noise levels (EPNL) for each source, 
the maximum PNL, maximum PNLT, slant distance, aircraft altitude, 
angle of radiation from the inlet centerline, and duration correc- 
tion are given. The flyover levels are based upon measured static 
data, with in-flight corrections applied, determined from the pre- 
dicted and measured TFE731/Lear jet noise data using the core noise 
dominated model. 

The noise levels for the above conditions are presented in 
bar-chart form in Figures 7-48 through 7-50. The effects of the 
acoustic treatment on the fan inlet, fan exit, and total noise 
levels are shown. 

One-third octave spectral plots for each condition at the 
point of maximum PNLT are shown in Figures 7-51 through 7-56. 

Flyover-noise parametric curves were generated by predicting 
level flyover EPNL for various engine thrust settings at various 
altitudes. A carpet plot for the total EPNL of the acoustically 
treated nacelle mixer nozzle configuration is shown in 
Figure 7-57. 

7.3.9 Conclusions 


The noise levels of the QCGAT engine were markedly lower than 
those of the TFE731, which is a recognized quiet engine. The QCGAT 
engine/nacelle system met or bettered the contract noise goals 
based on the jet noise dominated correlation analysis 
of measured static acoustic data. Based on the core noise 
dominated correlation analysis, the engine/nacelle system 
bettered the sideline and approach goals and was only 1.4 EPNdB 
above the goal at takeoff. It should be noted that a detailed 
analysis of the component noise characteristics of the engine 
showed that if it were possible to fully suppress the fan com- 
ponent noise, it would have a nearly insignificant effect on the 
total noise level, with the result that meeting the takeoff noise 
goal would still be difficult or impossible. 

Based upon the core noise dominated model prediction, 
the following conclusions were made: 

o The QCGAT softwall nacelle/mixer configuration demon- 
strated a 9.1 EPNdB reduction in flyover noise at take- 
off condition, a 10.1 EPNdB reduction at approach, and a 
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TABLE 7-25 


FLYOVER NOISE PREDICTION - TAKEOFF. KAROWALL 


Noise Source 

Slant 

Dist.- 

Meters 

(Feet) 

Aircraft 

Alt.- 

Meters 

(Feet) 

Angle 
Froa Inlet 
£ Radians 
(Deg.) 

PNL 

Max 

PNdB 

PNLT 

Hax 

PNdB 

Tiae 
Dur . 
Sec. 

Dur. 

Corr. 

dB 

EPNL 

EPNdB 

QCGAT 

Goal 

EFMB 



Fan Inlet 

1168.7 

(3834.3 

924.7 

(3033.8) 

1.04 

(59.5) 

41.0 

46.0 

39.0 

2.4 

48.5 

Fan Discharge 

1080.8 

(3546) 

1070.7 

(3512.7) 

1.56 

(89.4) 

55.0 

58.0 

14.5 

-2.5 

55.5 

Coabustion 

1281.9 

(4205.7) 

1193.5 

(3925.8) 

2.09 

(119.5) 

70.1 

73.6 

37.0 

1.9 

75.6 

Jet 

1281.9 

(4205.7) 

1193.5 

(3915.8) 

2.09 

(119.5) 

62.0 

62.0 

40.0 

3.0 

65.0 

Turbine 

1201.1 

(3940.7) 

1162.9 

(3815.2) 

1.95 
(Hi. 7) 

48.2 

48.2 

34.5 

2.3 

50.5 

Total 

1118.7 

(3670.3) 

1116.7 

(3663.8) 

1.77 

(101.4) 

71.2 

74.0 

35.5 

1.9 

76.0 


QCGAT sixer -coupound exhaust systea 


TABLE 7-26. FLYOVER NOISE PREDICTION - KAROWALL, APPKMCB. . 



Slant 

Aircraft 

Angle 








Dist.- 

Alt.- 

Froa Inlet 

PNL 

PNLT 

Tine 

Oar. 


QCGAT 


Meters 

Meters 

C Radians 
E (Deg.) 

Max 

Rax 

Dur. 

Corr. 

EPNL 

Goal 

Noise Source 

(Feet) 

(Feet) 

PNdB 

PNdB 

Sac. 

* 

EPMB 

EPMB 


Fan Inlet 

423.1 

(1388.0) 

130.0 

(426.6) 

0.34 

19.2) 

75.8 

77.9 

9.0 

-4.1 

73.7 


Fan Discharge 

112.0 

(367.3) 

ill. 6 
(366.0) 

1.68 

(96.2) 

86.3 

87.6 

2.5 

-8.9 

78.7 


Coabustion 

112.0 

(367.3) 

111.6 

(366.0) 

1.68 

(96.2) 

86.7 

87.9 

5.0 

-6.3 

81. 5 


Jet 

112.0 

(367.3) 

111.6 

(366.0) 

1.68 

(96.2) 

65.9 

67.6 

6.0 

-5.8 

61.8 


Turbine 

116.4 

(382.0) 

113.4 

(372.1) 

1.36 

(78.2) 

77.8 

79.1 

5.5 

-5.4 

73.1 


Total 

112.0 
■ - 1 MLH 

111.6 
<««. 0 ) 

1.68 
t ? 6 . 2 ) 

91.2 

91.2 

S.O 

- 6.8 

84.5 

87.3 


QCGAT aixer-co*g>ound exhaust systea 
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TABU 7-27. FLTOVER BOISE PREDICT I OB - HARDBALL, SIDELINE. 


Noise Source 

Slant 

Dist.- 

Meters 

(Feet) 

Aircraft 

Alt.— 

Meters 

(Feet) 

Angle 
Pres Inlet 
C Radians 
(Deg.) 

PNL 

Max 

PNdB 

PNLT 

Max 

PNdB 

Tine 

Dur. 

Sec. 

Dsr. 

Corr. 

dB 

EPNL 

QCCAT 

OWN 


Pan Inlet 

92.3 

(302.9) 

72.4 

(237.4) 

0.90 

(55.9) 

61.7 

66.9 

9.0 

-4.0 

62.9 


Pan Discharge 

161.0 

(520.1) 

160.5 

(526.5) 

1.76 

(101.0) 

69.9 

72.5 

7.0 

-4.0 

67.7 


Combustion 

219.0 

(710.7) 

200.1 

(656.6 

2.10 

(120.2) 

79.0 

03.3 

13.0 

-2.4 

00.9 


Jet 

205.3 

(671.7 

192.2 

(630.6) 

2.04 

(116.0) 

70.9 

70.9 

16.0 

-0.0 

70.1 


Turbine 

192.6 

(631.9 

104.3 

(604.6) 

1.97 

(113.0) 

60.7 

60.7 

13.0 

-1.5 

59.2 


Total 

161.0 

(520.1) 

160. S 
(526.5) 

1.76 

(101.0 

01.5 

03.9 

13.5 

-2.2 

01.7 

02.3 

GCGAT sixer -compound exhaust 

system 









TABU 

7-20. FLTOVER NOISE PREDICTION - 

SOFTBALL, T ABBOTT. 



Noise Source 

Slant 

Dist.- 

Meters 

(Feet) 

Aircraft 

Alt.- 

Neters 

(Feet) 

Angle 
Proa Inlet 
( Radians 
(Deg.) 

PHL 

Max 

PNdB 

PNLT 

Max 

PNdB 

Tine 

Dur. 

Sec. 

Dur. 
Coer . 

dB 

EPNL 

QCCAT 

Coal 


Pan Inlet 

1079.5 

(3541.5) 

1032.3 
(3306. 0) 

1.4 

(00.3) 

40.0 

44.1 

44.5 

3.6 

47.7 


Pan Discharge 

1000.9 

(3S46.4) 

1070.7 

(3512.7) 

1.6 

(09.4) 

54.2 

56.6 

14. C 

-4.0 

52.6 


Combustion 

1201.9 

(4205.0) 

1193.5 

(3915.0) 

2.09 

(119.5) 

69.9 

72.9 

35.0 

1.3 

74.2 


Jet 

1201.9 

(4205.0) 

1193.5 

(3915.0) 

2.09 

(119.5) 

62.0 

62.0 

30.5 

2.0 

64.0 


Turbine 

1201.9 

(4205.0 

1193.5 

(3925.0) 

2.09 

(119.5) 

40.2 

40.2 

33.5 

2.0 

50.3 


Total 

1201.9 

(4205.0) 

1193.5 

(3915.0) 

2.09 

(119.5) 

70.7 

73.0 

36.0 

1.7 

74.7 

73.3 


QCGAT sixer -compound exhaust systi 
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TABLE 7-29 


FLYOVER NOISE PREDICTION - SOFTHALL, APPNOACN. 


Noise Source 

Slant 

Dist.- 

deters 

(Feet) 

Aircraft 
Alt. - 
deters 
(FNet) 

Angle 
Proa Inlet 
£ Radians 
(Deg.) 

PNL 

dax 

PNdB 

PNLT 

dax 

PNdB 

Tiae 

Our. 

Sec. 

Our. 

Corr. 

da 

EPMB 

QCGAT 

Goal 



Fan Inlet 

423.06 

(138R.0) 

130.0 

(426.6) 

C.335 

(19.2) 

73.8 

75. 8 

8.5 

-4.6 

71.3 

Fan Discharge 

111.9 

(367.3) 

111.6 

(366.0) 

1.77 

(96.2) 

78.9 

79.6 

3.5 

-7.3 

72.3 

Caabustion 

111.9 

(367.3) 

111.6 

(366.0) 

1.67 

(96.2) 

85.0 

86.5 

6.5 

-6.5 

79.9 

Jet 

118.3 

(388.3) 

109.7 

(360.0) 

1.97 

(113.2) 

64.4 

66.2 

6.S 

-5.6 

68.6 

Turbine 

111.9 

(367.3) 

111.6 

(366.0) 

1.67 

(96.2) 

77.0 

78.8 

5.0 

-6.5 

72.2 

Total 

111.9 

(367.3) 

111.6 

(366.0) 

1.67 

(96.2) 

87.2 

87.2 

9.0 

-5.2 

81.9 


QCGAT aixer-coapound exhaust systea 


TABLE 7-30. FLYOVER NOISE PREDICTION - SOFTHALL, SIDELINE. 


Koise Source 


Slant Aircraft 
Dist. - Alt. — 

deters deters 

(Feet) (Feet) 


Angle 

Proa Inlet PNL 

C Radians dax 

(Deg.) PNdB 


PMLT Tiae Our . 
Max Cur. Corr. 
PNdB Sec. dR 


DSL 


QCGAT 

Coal 


Fan Inlet 

99.7 

(327.1) 

80.7 

(264.6) 

1.03 

(59.5) 

60.2 

6- .7 

9.0 

-3.8 

59.8 

Fan Discharge 

144.9 

(475.6) 

144.6 

(474.5) 

1.60 

(92.0) 

67.2 

60.5 

8.0 

-4.8 

63.7 

Caabustion 

219.0 

(718.7) 

200.1 

(656.6) 

2.09 

(120.2) 

79.4 

82.4 

12.0 

-2.7 

79.6 

Jet 

219.0 

(718.7 

200.1 

(6S6.6) 

2.09 

(120.2) 

70.8 

70.8 

15.5 

-1.0 

69.8 

Turbine 

192.6 

(631.9) 

184.3 

(604.6) 

1.97 

(113.0) 

60.7 

60.7 

13.5 

-1.5 

59.2 

Total 

219.0 

(718.7) 

200.1 

(656.6) 

2.09 

(120.2) 

80.4 

82.6 

13.5 

-2.3 

80.3 


QCGAT ai xer -coapound exhaust systea 







Figure 7-49. QCGAT Approach Noise Levels. 
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Figure 7-51. QCGAT Takeoff Noise Predictions for Treated Mixer- 
Compound Configurations Using Core-Noise Method. 
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Figure 7-52. QCGAT Approach Noise Prediction for Treated Mixer 
Compound Configuration Using Core-Noise Method. 
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Figure 7-53. QCGAT Sideline Noise Prediction for Treated Mixer 
Compound Configuration Using Core-Noise Method. 
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Figure 7-54. QCGAT Takeoff Noise Predictions for Untreated Mixer 
Compound Configuration Using Core-Noise Method. 
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Figure 7-55. QCGAT Approach Noise Predictions for Untreated Mixer- 
Compound Configuration Usinc, Core-Noise Method. 
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6.9 EPNdB reduction at sideline condition compared to 
the TFE731-2 powered Learjet. 

o The QCGAT hardwall nacelle coannular nozzle configura- 
tion was shown to be 4.2 EPNdB quieter than the Lear jet 
at takeoff condition although the QCGAT airplane takeoff 
gross weight is 2122 pounds greater than the Learjet 
airplane. 

o The QCGAT hardwall nacelle/mixer was 3.5 EPNdB quieter 
at takeoff and 4.3 EPNdB quieter at approach than the 
QCGAT hardwall nacelle/coannular nozzle. 

o The QCGAT softwall nacelle/mixer was quieter than the 
QCGAT hardwall nacelle/mixer by 2.5 EPNdB and 1.4 EPNdB 
at approach and takeoff conditions, respectively. 

7.3.10 Recommendations 

Uncertainty exists with regard to the noise source correla- 
tion method that will best match static data to predictions. It 
is recommended that additional internal engine to far-field noise- 
coherence measurements be made in order to better define a cor- 
relation method that will yield accurate flyover predictions. It 
is further recommended that additional in-flight spectral data for 
small general aviation turbofan engines be made available so that 
the static-to-flight prediction methods can be refined. 
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SECTION VIII 


SUMMARY OF RESULTS AND CONCLUSIONS 


8.0 SUMMARY OF RESULTS AND CONCLUSIONS 

8.1 Engine and Nacelle Design 

The design of the QCGAT engine was based on the core of the 
AiResearch TFE731-3 engine tnd incorporated several unique compon- 
ents specifically for reduced noise and emissions. The core con- 
sisted of the TFE731-3 low-pressure compressor, high-pressure com- 
pressor, and high-pressure turbine, with the TFE731 accessory 
gearbox. The unique components includes a low-speed fan, a fan 
gearbox, associated ducts and structure, a reduced-emissions com- 
bustion system, and low-pressure turbine. 

Two nacelles were designed — a production flight-weight 
nacelle and a "workhorse" nacelle. Only the workhorse nacelle 
was fabricated for the program; the flight nacelle was used 
primarily to evaluate airplane characteristics and for weight 
estimates. Both nacelle designs incorporate acoustic treatment 
forward and aft of the fan and a mixer-compound nozzle. However, 
the workhorse nacelle also featured replaceable inlet lips and 
interchangeable acoustic and hardwall duct liners. In addition, 
the nacelle inlet barrel could be replaced with a bellmouth, 
and the mixer-compound nozzle could be replaced with a coannular 
nozzle system to obtain reference performance data. 

8 . 2 Engine Performance 

Performance of the QCGAT engine was excellent throughout all 
testing. No serious mechanical problems were encountered and no 
significant test time was lost due to engine related problems. 
The uninstalled thermodynamic performance of the engine differed 
from the contract goals in that the TSFC was slightly higher than 
the TSFC goal at rated thrust points (7.7 percent). The installed 
performance was very close to the goal (1.4 percent). These 
differences are attributed to lower than predicted fan efficiency 
and coannular nozzle thrust coefficient, higher than predicted 
mixer-compound nozzle thrust coefficient, and the resultant match- 
ing of the engine with these components. 

An estimate of the engine's performance at the cruise condi- 
tion was made with the engine model. Comparison of this perform- 
ance with the contract goals at cruise shows that the engine meets 
the thrust goals for both the uninstalled and the installed condi- 
tions, and betters the TSFC goal at the installed condition. 
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8.3 Noli* 


The noise levels of the QCGAT engine were markedly lower than 
those of the TPE731, which is a demonstrably quiet engine. The 
QCGAT engine/nacelle system met or bettered the contract noise 
goals based on the jet noise dominated correlation analysis of 
measured static acoustic dal*. Based on the core noise dominated 
correlation analysis, the engine/nacelle system bettered the side- 
line and approach goals and was only 1.4 EPNdb above the goal at 
takeoff. It should be noted that a detailed analysis of the com- 
ponent noise characteristics of the engine showed that if it were 
possible to fully suppress the fan component noise, it would have 
a nearly insignificant effect on the total noise level, with the 
result that meeting the takeoff noise goal would still be diffi- 
cult or impossible. 

8.4 Emissions 


With the engine configured to use air assist at the taxi-idle 
condition, the goals for HC and CO were met. The engine exhibited 
a significant reduction in NO level from that of a production 
TFE731-3, but it exceeded the*program goal by an EPAP value of 
0.9. The measured smoke number exceeded the program goal of 38 by 
4 points, however, the engine was visually judged to be smokeless. 
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SECTION IX 


RECOMMENDATIONS 


9 . 0 RECOMMENDATIONS 

9.1 Performance 


Considerable ground-level testing was conducted to define the 
QCGAT engine performance at low altitude. However , it is recom- 
mended that additional tests be conducted at simulated flight con- 
ditions in order to refine the engine computer model and to permit 
comparison of the engine performance at the cruise design point 
with the program goals. It is also recommended that tests be con- 
ducted with nacelle hardwall and acoustical panels to define the 
duct pressure loss attributable to the acoustical panels and the 
effect of that loss (if any) on engine performance. 

9.2 Noise 


Uncertainty exists with regard to the noise source correla- 
tion method that will best match static data to predictions. It 
is recommended that internal engine to far-field noise-coherence 
measurements be used in order to better define a correlation 
method that will yield accurate flyover predictions. It is 
further recommended that additional in-flight spectral data for 
small general aviation turbofan engines be made available so that 
the static-to-flight prediction methods can be refined. 
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APPENDIX II 


LIST OF SYMBOLS AND ABBREVIATIONS 


Dual Noxxla Configuration Station Location. 



Figure II-A. Axial Locations of Instrumentation 







APPENDIX II 


A B 

A e 

BL 

C LV2 

C LMAX 

CO 

COMB. 

EPNdB 

EPNL 

fi 

F 

F N 

HPC 


HPT 

*xx 

*YY 

*ZZ 

ISA 

LPT 

L/D 

M 

N 

N, 


LIST OF SYMBOLS AND ABBREVIATIONS 

Surge bleed area 
Excess attenuation 
Buttock line 

Coefficient of lift at V ? 

Maximum coefficient of left 
Carbon monodixde 
Combustor 

Effective perceived noise in decibels 
Effective perceived noise level 
Center frequency 
Thrust 

Thrust at a given power setting, net thrust 
High-pressure compressor 
High-pressure turbine 
X-axis location of center of gravity 

Y-axis location of center of gravity 

Z-axis location of center of gravity 

International standards association 

Low-pressure turbine 

Lift-to-drag ratio 

Mach Number 

Rotor tipeed 

Low-pressure compressor and turbine speed 
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APPENDIX II (CONTD) 

LIST OF SYMBOLS AND ABBREVIATIONS 


n 2 

n cr 

NOX 

P t2 

P 3 

P/P 

PLA 

PR 

P T4.3 /P T5.0 

QCGAT 


2 

R/pC 

SLS 

STA 

T1 

T t2 

T t4 . 2 
TO 

TSFC 

TOGW 

TURB 

u/a cr 


High-pressure compressor and turbine speed 
Critical speed 
Oxides of Nitrogen 
Total pressure 

HP compressor discharge pressure 
Pressure ratio 
Power lever angle 
Pressure ratio 

Low-pressure turbine overall pressure ratio 
Quiet Clean General Aviation Turbofan 
Plug radius [cm (IN.)] 

Duct radius [cm (IN.)] 

Specific Resistance 
Sea-level static 
Station identification 
Combustion design concept 
Fan inlet temperature 
LP turbine inlet temperature 
Take Off 

Thrust S£ 2 cific fuel consumption 

Take-of gross weight 

Turbine 

Wheel speed critical velocity ratio 
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u 

UHC 

v/a cr 

H 

W ''*CR 

W 

W /v/^CR 



a 

a 

AP 

AH 

AH/v/<? cr 

6 


* * AH/V^ 
0 * V*M 

th 

X/pc 


APPENDIX II (CONTD) 

LIST OF SYMBOLS AND ABBREVIATIONS 

Turbine blade tip velocity 
Unburned hydrocarbons 
Absolute critical velocity ratio 
Maximum takeoff gross weight (in pounds) 
Relative critical velocity ratio 
Complex argument 

Mass flow rate (kg/s) [ lbm/ sec ) 

Impedance 

Impedance 

Three-dimensional 

Absolute flow angle (deg) 

Relative flow angle (deg) 

Differential pressure 

Differential enthalpy 

Specific Work [J/kg (Btu/lbm)] 

Pressure divided by Standard Sea Level Static 
Day Pressure 

Pressure Ratio 

Mean work coefficient 

Mean flow coefficient 

Flow coefficient 

Specific reactance 
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